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The Todilto limestone pinches out southward along a west-trending line 
about 12 miles south of Laguna and 15 to 20 miles south of Grants, and it 
pin hes out westward alor yam rth-trendit g line seve ral miles east of Gallup 
Che formation is as much as 85 feet thick in the northern part of the Laguna 
district, where its upper part is composed of anhydrite and gypsun 

Except where it is strongly deformed and recrystallized, the Todilto lime 
stone in the Ambrosia Lake district can be separated into three stratigrapl i 
zones ; from bottom to top these are commor referred to by the miners as 
the “platy ’ “crinkly,” and “massive rOnes The lower two zones are about 


equal in thickness and constitute about half the total thickness of the forma 
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limest . itl th n partings iItstone b l | eT se carbo L isn iterial 
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Urar ‘ t ut three stratigraphic zones in the Todilt 


The Morrison formation ranges from less than 100 to as much 600 feet 


in thickness in the area of the southern San Juan Basin mineral belt. This 
formation extends over a broad region to the north, northwest, and northeast 
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Ff addition t! Diy. conta ] 1 t ind diverse types ol fragmental 
carbonaceot ter | where the va rocks are ¢ sentially barret ot car 
bonaceous material The writers believe that this pipe formed during the 


deposition Jackpile sandstone, and was buried by additional Jackpile 


sandstone It probably formed rapidly, sucking into it much plant debris 


from its immediate surroundings at the surface The plant debris probably 


was thus buried and preserved whereas in the wall rocks it was not (ther 


pipes reveal unconformable relations betweet the downwarped sandstone at 
their tops and the overlying uw disturbed sandstone, indicating that they formed 


at the time of edimentation of the unit that contain then 


From the observations n ide so tar, no satistactory interpretation Can be 


offered to explain the origin of these collapse features. They evidently formed 
during the accumulation of the highest beds they cut, and be fore complete 
Mudstone 
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compaction and consolidation of the beds containing them. Most of the pipes 
1 1 


in the Laguna district are localized in long narrow belts that closely parallel 


the Jurassic tol f both sets (Fig. 6 suggesting that this deformation n 
fauncad thet a bes tea 

Che Jurassic folds of both the easterly- and northerly-trending sets forme 
prior to the deposition of the Dakota sandstone, and possibly contemporane 
usl\ th the de t the | rocks above the Entrada sandstone 
Folded rocks 1 th the Lagu ul \mbrosia Lake districts are truncated 
in many place the erlying D ta sandstone, demonstrating the pre 
Dakota age of the folds \s the sandstone pipes originated during the dep 
ition of the Si eT : Bluff and Morrison rocks, and are commonly 
localized in belts that | e| par illel the folds, it 1s hkely that the folds de 
veloped in part at the me time In addition, as the intraformational folds 


flowage of pe worly consolidated 











c « n the flanks e bi f t that 1 Is de 
eloped in part not long after Todilto depositios 
If the Jurassic folds developed contemporaneou th the deposition of 
the Jurassi rocks, nN re ely tl in not the { inf enced the dep ition 
and distribution of these rocks Che sandstones of the Morrison formation in 
woth Laguna and Ambr 1 Lake districts are interpreted to have been 
tl s influenced he lack C indstone n the sl ipe of a channel sand, 
roughly parallels the major easterly-trending set of Jurassic folds; the data 
on cross-lamination suggest that the san ere transported in the same 
direction (Fig. 6 In addition, the thickne the Morrison for tion be 
neath the Jac kpile sandst necre es | muel " i teet tro the 
margin of the cl inne! t t enter It | . le there ! that the 
vicinity of the channel nd the Morrisor I t pie bt 
northeast-trending warp that rmed conte raneot th the é 1 
f the M rr t nd that t treat that el te t ‘ ( 
( tr le« \ t} 
In the Ambr | t pre-D ta fol ! | en 
fluenced the deposit the Morrisor ! tor It } een noted pr 
S that the indstone , tone eri re ret rit 
the elongat of the ndstone host the A t tre t | et 
ted that at least one set re-Dakota +] ecict 1 ter 
il trene It ie e, therefore, that b1 entle t Mort 
n time tends t m | eastetT ‘ the t that ted 
the indstones 
eformation v early te Pe, ee ee eee 
the area of the Zuni Mountai ! idence i 
Basin defined tl tructure he tiites nt 
rtheasterly dit est of the Mount 7 ° agen and 





uplift [he Ambrosia dome, which probably started to form before the Dakot 
sandstone was deposited, became well defined Che fault , ne that 
mar, the vestern boundar f the R Grande tr I - 
have formed at this time 

Che third period of defor tion took e during 1 et te Tertiar 
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ind intimate! associated with the carbonaceou aterial, mostly occupying 
pore spaces but partly replacing the sand grain In the Woodrow deposit 
(see below ), on the other hand, some coarse-grained coffinite that is apparently 


free from carbonaceous n aterial has been found 

Uraninite (UO,) is the common uranium mineral in the unoxidized « 
posits in the Todilto limestone. It is typically fine-grained. It mainly im 
pregnates and replaces the limestone, in part as fine intergrowths with fluorite 


ind a vanadium-bearing silicate (11, 12 It is also localized along siltstone 


] 


—" 


laminae between bedding planes in the limestone. Uraninite has been recog 
nized in a deposit in the Entrada sandstone, where it occurs as thin films on 
sand grains, in veinlets in a vanadium-bearing silicate, and as small concretions 


surrounded by pyrite 

\s the vanadium content of the deposits in the southern San Juan Basin 
irea is low, averaging about 0.15 percent V,O,, vanadium minerals are not 
conspicuous. Most of the low-valent vanadium in these deposits, however, 
occurs as a fine-grained micaceous mineral and is presumed to be one or more 
varieties of the vanadium-bearing silicates—mica, chlorite, or clay—that are 
common in the vanadium-bearing uranium deposits in other parts of the Colo 
rado Plateau region. This material mainly occupies the pore spaces of the 
rock or replaces argillaceous material and detrital quartz and feldspar. Hag- 
gite and paramontroseite, both vanadium oxides, have also been reported as 


mineral occurrences 

Tyuyamunite [Ca(UO,),(VO,),-7-103H,O] and carnotite [K,(UO, 
(VO,),°3H,O] are two common secondary uranium minerals where vanadium 
is available Other common secondary uranium minerals are also present 


in places hese minerals mostly occur in open spaces, either pores or 


Iractures 
Carbonaceous Material The sandstones containing most of the deposits 
in the southern San Juan Basin area are light-colored but the ore is colored 


various shades of gray lhree suites of samples from the Jackpile and Wind 


whip deposits, totaling 21 san ples, reveal a close correlation between black 


ness, as determined by the Rock-color chart,? and organic carbon content: 
Che darker the rocks the higher the organic carbon content. Very light 


gray * rock, typical of barren host sandstone, contains 0.04 to 0.08 percent 


organic carbon; and the darkest sample—medium dark-gray to dark-gray 
reveals 2.16 percent organic carbon (Wayne Mountjoy, analyst A suite 
of 52 samples from the Jackpile mine gave the following average assays: 
light-gray samples 0.04 percent U,O,; medium-gray samples, 0.31 percent 
U,O,; and dark-gray samples, 0.41 percent U,O,. As the organic carbon 
occupies much more volume than the equivalent weight percent of uranium 
and is at least as abundant by weight as uranium in these samples, the gray 
color of the samples and the ore is probably imparted by the carbonaceous 
material 

X-ray studies of the ore in sandstone show that much of the uranium is 
in the form of finely divided coffinite that is dispersed through the carbonaceous 


Roch lor chart, 1 1 eo] 1S t) f America 
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material. This carbonaceous material is apparently ubiquitous within the 
deposits, so its distribution reflects the gross form of the deposits. Most of 
it occurs as coatings on sand grains and 


intergranular fillings. Locally it is 
massive and partly replaces the detrital grains. Where coarse enough to 
separate mechanically from the rock it is a black brittle substance with a sub 


metallic lustre and a specific gravity of about 2 

Accessory Mineral Pyrite and marcasite are the common accessory 
minerals in all deposits, but they are generally sparse. These minerals mostly 
form minute crystals, irregular | itches, or small nodules in the sandstone, 
partly repla ing the sand grains In the Woodrow deposit, on the other 
hand, pyrite and marcasite are 1 uch more abundant and form small incomplete 
replacement masses and locally boxwork structures controlled by the inter 
sections of bedding and fracture planes in breccia fragments 

Trace amounts of hine-grain chalcopyrite v ilena, at d spl alerite are al oO 
present it inv deposit 

Fine-grained fluorite, part ntergrown th uraninite, occurs as dissen 
nated specks and i1 | irregularly shaped masses in place n deposits i1 
the 7] Ite estone 


n Clastic Sediments 


The uraniu dey ts I last sedin ents have vielded most ot the ore 
produced and contain 1 t of the known ore reserves in the southern San 
Juan Basin mineral belt Most of the deposits are in sandstone lenses in the 
Morrison formation; a few are in the Entrada sandstone and a few are in 


sandstone and carbonaceous shale of the Dakota sandstone. The deposits 
in the Dakota have been described by Gabelman (5, p. 422-429; 6, p. 303-319) 


il d will 1 t he discussed hers 
The ore-bearing sandstones are fine- to coarse-grained, they are composed 


yminant! of quartz but contain various amounts of feldspars and other 


inerals common in sandstone as well as clay particles and thin mudstone 


layer The ore and ass« ted minerals, including the fine-grained carbona 
ceous material, impregnate the sandstone, mostly occupying pore spaces but 
lso partly replacing the nd grains. The ore bodies mostly occur as tabular 
layers that lie essentially parallel to the major bedding but which in detail 
transect bedding. These bodies are irregular in plan but tend to be elongate 


parallel to the trends of sandstone lenses, other sedimentary structures, and 


the two sets of pre-Dakota folds. They may be as much as several thousand 
feet in length and 50 feet or more in thickness. Small masses only a few feet 


ucross may be tabular or irregular in shape and roughly equidimensional 


Carbonized or silicified plant fossils are present in the Morrison formatios 
n the southern San Ji sasin, but unlike many uranium deposits in other 
parts of the Colorado Plateau region, these fossils are not particularly abundant 
in the ore-bearing sandstone, and they are not conspicuously more abundant 

the mineralized rock than in the surrounding barren sandstone Che plant 

ssils in the ore are mi nl richly mineral zed : but such material i few 
eet above the ore ar rren of uranius Che possibility that tl 
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plant mater nfluenced the localization of the deposits seems | 
northwestern New Mexico than in othet 

(On 


ess likely in 
parts of the Plateau regiot 

the other hand. manv ore deposits and possibly all the larger ore de 
posits contain much uranium-bearing organic « irbon in the form of a black 
fine-grained material that is disseminated through the sandstone and coats 


ind partly replaces the sand gran The distribution of this material 1s 
apparently reflected by the gross form of the uranium deposits. Because 
the deposits assume a variety of forms that cut across sandstone bedding and 
crossbedding. as shown in Figures 10, 12, and 13, it is assumed that the 
organic carbon was introduced into the sandstone in a fluid forn \s the 
deposit omposed of this material are commonly at some level above the 
base and below the top of the ndstone, as shown in Figures 9 and 13, it was 
probably introduced under some kind of water table or fluid interface condi 
tion The t ther cl — i rl itm. ot this carbonaceous material and the 
uranium it contains suggests they were introduced at the same time 
Det n Limestone 

The Todilto limestone 1s fine to mecdium-gr ined, but where it has been 
deformed it is partly recrystallized and coarse-grained. The ore n inerals 
and the ociated sulfides and fluorite are dominantly fine-grained, and they 
occur as replacements disseminated in the rock and along minor fractures 
ind bedding planes The ore bodice re lo« lized where the lime stone has 
been deformed by intraformational folding and faulting. Some ore bodies 
are irregular in shape but most are elongate and range from 20 to 30 feet in 


width and from 100 to a few thousand feet in length Although most of the 


ore is in the lower part of the Todilto limestone, 1t may occur throughout the 


formatior nd thus the ore bodies range in thickness from a few teet to as 
mucl as 20 feet or nl re It icw pl ices the ore bodies extet d wt the top 
few feet of the underlying Entrad undstone or a few feet into the overlying 
Summerville tormation 

[he Todilto limestone is dark-colored, has a fetid odor, and contains as 
much as 1 percent or slightly more organic carbon. Some carbonaceous 
material is obviously concentrated as a dense black substance along parting 
planes in the thinly bedded parts of the formation, but some of it probably is 
disseminated throughout the rocl It is not obviously more abundant in or 
near ore than in the barren rocl from deposits. Analyses of the mill 
pulp sampl I 23 deposits showed a range from 0.05 to 0.14 percent 
ganic carbon in the ort WW e Mountjoy, analyst No data are av 
ible on the a ent barren host 1 More information is needed regard 
ing the nature and distribution of this carbonaceous material and its possible 
influence on the a a a "um minerals 

} / , P 

\ e, that at the Wood: e, | 
been ol Me the descriptior { he 

erred t he | here individual mines are described 
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Sedimentary structure t ndstone. intrafor tional folds d faults i 
the Todilt nestone, pipelike ipse structures in sandstone and mudstone 
il 1 tectoni folds formed | re¢ T il defort it 1 ill Bi fluenced the (n iliza 
tion of the uranium deposit \s far as the writers can determine, the only 
tectonic structures. |} ever. that have direct or meadtrect ntrolled the 
leposits re tl se that ire ré ted ft the lurr ( or tirst system of detor 
matior 

M re de} t the Mort formation are in or near the central 
thick part Istone eT St nd the tend to be elongate ] irallel to the 
trend the é r gvestil t} it the e parts of the lens« otterec cl inne 
wave for the re-hear . tient 1 f t e loci for re det tot 
A 14] o] a es . ; ifines iiciem Tene . sminas 

d gt ( riat | sedimentation units sl cot tratis 
rect t] ‘ 1 ( T tructure ke ¢ } ‘ rl 7¢ onl 
‘ ‘ if Cor ‘ te tr ect sedimentation 1 { thin the 

t t the oT ( ts n the Sand mune rea ré ( the 

Ail estone-Ents eT | 15 I shee — 
7 nor forms ; the ore thin deposit hart transect the 
edimentary structure 

\ 1 the dep t the lodilto limestone ire associates vith intra 
for tior folds at ts, these structure ipparently controlled the de 
posits. Likewise, the V ! the o1 deposit in a sandstone pipe 

usly localized by the structure it occupies Although the top and 
ottor f the Wood: he only pipe definitely known to be ore-bearing 
re not \ ble, there te evidence that this pipe or al if the ther 
5 

re nnectec tl ther vertical structure that might have formed a 
through-going chann f ending or descending solutior Chus 
even though the W 1 e certainly localized its deposit, its function may 
have bee that t re deposition rather than a channelw tor 
leat ' 

The f re t ’ re 1 efor tion of Jurassic age probabl 

Lis¢ ed t t lf bed 7 the Tod t ] est r 

deal : triggere ‘ i ay pipe nd ma ler | , 
’ ~~ ar ’ tte 4 ew a ee eee ae a ae. 
try +1 r eT ty e—he wee det ne ler ‘ @ the \{ rt 

— tonne. 4 had an indirect influence on the | zatior 
the | ear | ‘ { ‘ the | 








Localization and Origin 


? 

The writer n offer only general suggestions regarding the localization 
ind origin of the uranium deposits in the southern San Juan Basin mineral 
belt area \lthough the three types of deposits certainly were localized by 
different controls, the writers favor the idea of a common origin. The de 


posits in the Morrison formation are in the central parts of sandstone lenses, 
form tabular lavers that commonly transect bedding at low angles, and consist 
of an int te mixture of ore minerals and carbonaceous material. An or 
ganic solution moving along the beds under water-table or fluid interface 
conditions conceivably could form deposits of this character if some local 
influence used precipitation of constituents in solution. The same or a simi 
lar solution moving along the Todilto limestone and adjacent beds might have 


found conditions favorable for uranium precipitation in the limestone where 


it was deformed and partly recrystallized. In a somewhat similar manner 
the Woodrow pipe could have served as a locus for precipitation of uranium 
Irom | ng olutions No definite evidence as to the source of the ore 
bearing solution or the metals contained is recognized. The deposits certainly 


formed after Jurassic deformation, probably after the Dakota sandstone was 


deposited, and before pronounced deformation in Tertiary time 


Jack pile and Satellitic Deposits 


The Jackpile uranium deposit, in the Laguna district, is probably the largest 


ingle dey t the United States, and is one of the world’s great producers 
of uraniun It constitutes about one third of the total known uranium ore 
reserves in New Mexico, but its average grade is probably somewhat less 
than the average for all New Mexico uranium ores. The deposit is mined 
by a large ile open-pit operatior The initial discovery was made in 1951 
by airborne radiometric survey, and subsequent drilling proved a moderate- 
ed deposit, now known as the South ore body In 1953, a larger ore body, 
now called the North ore body. was found a short distance to the north; this 

body supplies almost all the current production from the mine 
[he Jackpile and associated deposits are in the Jackpile sandstone. The 


North ore body, which is the largest, consists of at least two large tabular 
300 feet wide, several thousand feet long, 


2 
s 
aes 


and both layers total as much as 50 feet thick—probably averaging about 20 
bout N. 10° W. In addition a number of much 


maller tabular deposits, as the Windwhip and the South ore body of the 
Tackpile mine re satellitic te the North ore body 


The tv re layer f the North ore body are about midway between 
the top and bott of the Jackpile sandstone. These layers lie essentially 
parallel to the r bedding of the sandstone (as shown in the longitudinal 
section, Fig. 9), though apparently they transect the bedding to some extent, 

suggested 11 1 ection Figure 9, and certainly the top of the upper 
layer locally trai the crossbedding units, as shown in Figure 10. The 

rosscutti Figure 10 are typical, though the upper bout 
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I ) Diagra t ections through the southern end of the North ore body 
Jackpile mine 

lary of ore is not typically a flat surface, and locally the edge of ore follows 
edding planes or thin discontinuous mudstone beds 

| ontrast the grade variations within the deposit are strongly controlled 
ultitude of sedimentary features. Clay galls, mudstone beds, and 
edding ines comn y s} concentrating eftects, ind large pods ol high 
rade ore commonly conform with trough cross-stratification. In addition, 
verv sparse intraformational faults and joints show some concentrating effect 

In the mine area the Cretaceous rocks dip gently about N. 20° W., with 
ocal flattening and steepening, and the North ore body apparently contorms 

h the structural diy 

lhe long dimension of the North ore body may parallel the axis of a 
pre-Dakota anticline n the cross section, Figure 9, this anticline is defined 
by two mudstone beds within the Jackpile sandstone. The uppermost mud 
stone bed, in the vicinity of the sandstone pipe, rises a short distance towards 
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lo ally rising ‘ t ny vell helow it In Figure 1] the sill is 
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Vertical ore rods of uraniferous carbonaceous material constitute a unique 
ind interesting feature of the deposit. Some of the rods are shown in 
Figure 12. They are vertical cylinders as much as 2 inches in diameter and 
4 feet high, which tend to occupy the lower grade parts of the deposit ( Fig. 
10) and are especially abundant in the low-grade zone between the two main 
ore layers (Fig. 9). The bedding is undisturbed, although the rods cut 
across it, and many rods terminate at their tops or bottoms at bedding planes, 
whereas others feather out along the bedding. Very commonly the rods are 
zoned, consisting of a core of uraniferous carbonaceous material, bounded by 
a thin pyritic zone. 

A number of relatively small uranium deposits have a distribution that is 
satellitic to the Jackpile deposit. These smaller deposits are similar to the 
Jackpile with respect to form, composition, and relation to the host sandstone 
Two of the satellitic deposits are described briefly below. 

The South ore body of the Jackpile mine is near the southwest corner of 
the North ore body. It has the same vertical position in the Jackpile sand- 
stone, and likewise it consists of two main tabular ore layers. In plan it is 


oval, about 350 feet wide, 750 feet long, and as much as 50 feet thick. It is 





Fic. 12. Photograph of vertical ore rods, Jackpile mine 
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elongate about N. 70° E.—nearly at right angles to the elongation of the 
North ore body 

On the west side of the Jackpile deposit is the Windwhip deposit. Its 
horizontal dimensions are not known to the writers, but it is considerably 
smaller than the South ore body. The Windwhip deposit is in the Jackpile 
sandstone, but is stratigraphically higher than the Jackpile deposit. It is 
ibout 15 feet below the top of the Jackpile sandstone, and probably overlaps 
the western edge of the Jackpile deposit. 

In the Windwhip deposit the general character and distribution of ore is 
illustrated in Figure 13. Here the ore conforms locally to the sedimentary 
structures, or transects such structures at a low angle. In many places, how- 


ever, the ore has a smoothly curved edge that cuts sharply across the bed 
ng. Such features are similar to the roll structures described by Fischer 
(4) and Shawe (15, 16) in other parts of the Colorado Plateau 
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Fic. 13. Geologic wall map of the Windwhip deposit. 


Poison Canyon and Associated Deposits 


The Poison Canyon deposit is in the Ambrosia Lake district. It is one 
of the few large deposits in the district that is sufficiently developed to allow 
effective study. The general mineralogy and configuration of this deposit 
have been described by Dodd (2, 3 Dodd’s description, combined with 
the results of more recent work are summarized below. The deposit illus 
trates a more direct relation to sedimentary features than has been observed 
in deposits of the Laguna district 

The Poison Canyon deposit is in the Poison Canyon sandstone of the 
Morrison formatior It is a tabular deposit consisting of many sub-parall 


¢ 
layers. Individual lave re as much as 200 feet wide and 20 feet thick, 


1 
i 


und they form an aggregate as much as 700 feet wide and 35 feet thick. The 








strongly clongated in an eas direction 

| the host sandstone . and concentrations are 
ibundant abov r below thin mudstone beds. Dodd (2, 3) states 

that the deposit is elonga long the trend of sedimentary structures, and is 
in the central thick coarse-grained part of the unit. He indicates (2, 

that the Poison C; m deposit and also the Mesa Top deposit, im 
to the e: of it and coextensive with, a “composite” channel 
Recent work bears out these relations, and 
that the “composite” channel extends east- 
les long (Fig. 4 It is referred to here as 


, . on ile 
a broad arc a ast mies ig y 


intorn 


Poison Canyon trend 
The deposit is cut by a number of northward-trending faults, and all 
1 ts that the faults are younger than the deposit. The 


1 | 
ivailable evidence suggest 


ore layers ; displaced by the same amount of throw as the units in the host 
rock. Dodd (2, 3) states that the grade and thickness of the ore increases 
adjacent to the faults, but also states that only secondary minerals are found 
ult and fracture surfaces. More recent work has revealed that the 
grade concentrations adjacent to the faults are made up of minerals 

el 


The deposit is most oxidized near the faults, 


ng hexavalent uraniun 


obable that these concentrations formed by near-surface redistribu 


Poison Canyon Det 


t the uranium deposits of the Ambrosia 
multi-million-ton and numerous smaller de 
posits it aces nor in one-half the total uranium reserves in the 
southern part o " uan Basin Unfortunately they have not been 
detail. With respect to form, composition, 
relations, however, they are known to be 
he Morrison formation. For lack of detailed 
is area are described collectively 
imate outlines in Figure 4, the deposits in this 
mbrosia trend, constitute an elongate easterly-trending group that 
y parallel to the Poison Canyon trend. The approximate vertical 
s within the Morrison formation is shown in Figure 
are essentially tabular and are within the host sand 
e deposits in the Morrison and Entrada formatior 
general the deposits occur where the sandstones 
cur in one or more zones having an aggregate 
100 feet In general, however. the deposits have 
from several feet to several tens of feet They 
but locally transect sedimentary units (see just 
5 milar to that sugvgestes or the 


ing all those that contain more than about 1 


e Westwater Canyon member: the others are 
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in the Brushy Basin membet \s pointed out above in the section on stratig 
raphy, most of the deposits are near the central part of a thick mass of sand 
stone (Fig. 5), which is more extensive and uniform in an easterly direction 


than a northerly direction, except where it thins markedly over the Ambrosia 
dome 

The writers interpret that the belt of deposits in this part of the Ambrosia 
Lake district is coextensive with and controlled by the easterly trend of the 
thicker part of the sandstone mass \bsence of uranium deposits over the 
crest of the Ambrosia dome and the tendency to clustering of deposits around 
its pe riphery are probably related to the thinning of the host sandstone mass 


over the dome rather than to closure n the dome 


W dp 7 Dy posit 


The Woodrow deposit, about 1 mile east of the Jackpile mine, is unique 


in the district, and probably on the Colorado Plateau. It is small, but high 


grade, the ore averaging nearly 2 percent uranium. It is particularly inter 
esting, however, because it occupies a structure that may best be termed a 
sandstone pipe. The pipe (Fig. 14) is nearly vertical, has a known height 
of about 230 feet, and a maximum diameter of about 35 feet It is bounded 
by a complex branching ring fault. The wall rocks include the Jackpile 
sandstone, and underly yy beds of mudstone and sandstone With the ex- 
ception of probable downwarping and faulting in the near vicinity of the pipe, 
these rocks are essentially undeformed he core of the pipe is made up 


of a heterogeneous mixture of sandstone and mudstone that appears to have 


been derived from the nearby wall rocks Near the top of the pipe sand 
stone predominates; near the botto udstone predominates. The transi 
tion zone is about 35 feet below the base of the Jackpile sandstone, and 
probably indicates the amount of downward displacement of the core with 
respect to the wall rocks. Carbonaceous materials are abundant within the 
pipe, and a few fossil bone fragments have been found 

In the upper part of the pipe the ore is exceptionally high grade, and is 
oncentrated mainly along the boundary ring fault. Here the core of the pipe 
is essentially barren, but the ore locally extends several feet outward into 
the Jackpile sandstone. In the lower part of the pipe the ore is much lower 
grade, though still higher grade than the district average, and is more or 
less homogeneously distributed throughout the core 


The ore concentration along the ring fault is a replacement, not a fissure 


Massive sulfides, as pyrite and marcasite, commonly show relict bed 


filling | 
ding, in which the outlines of individual grains are visible. High-grade cof 


finite-sulfide mixtures locally show boxwork textures, controlled by bedding 
tracture imtersections 


As the top ol the Woodrow pipe has been eroded and its bottom has not 


been found, its original stratigraphic range, age, and origin cannot be deter 
mined. The part of the pipe that is well exposed, however, is strikingly 


similar to the many hundreds of sandstone pipes that are exposed throughout 


istrict (see previously \lthough the Woodrow pipe is min 
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top of the deposit, and truncates all isorad 
Phe 0.05 milliroentgen isorad reflects only 
toward the deposit Che highest grade parts of 


limestone units above the sill are 


IRE} 


all displ 


an increase in general radioactivity 


1 
iced 


the same features below the sill The lo 
\s this part of the deposit is the basal 
isorads spread out beneath the base of the sill a 


the top 


F-33 Depo 


The F-33 deposit, in the Ambrosia La 
the workings of the F-33 mine and is 


uranium deposit in the Todilto limestone 


the distribution of the deposit with respect to the lithologic units 


stone, and to minor folds 


The Todilto limestone at this mine contains the lower “platy,” medial 
“crinkly” and upper “massive” units that persist throughout most of the region 
(see Stratigraphy hese rocks are strongly deformed, and they define a 
number of folds and faulted folds (Fig. 18 In contrast with much of the 
folding in the Todilto limestone the largest fold exposed in this mine involves 
the upper part of the Entrada sandston Che best-developed fold in 
I-33 mine is an anticline that has a width of more than 50 feet and a maximum 
height of about 7 feet lhe northern flank of the anticline is steeper than 
the southern flank and is locally overturned and thrusted (Fig. 18 
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structure, as well as the smaller linear structures exposed in the mine, is ori 
ted about N. 70° | 
The uranium deposit tained within all three units of the Todilto 
estone (Fig. 18 Although most of the ore is in the “crinkly” and 
assive’ zones, there appears to be little direct relation between lithologi 
hanges and distribution of the uranium deposit 
The deposit and the fold are closely coextensive. The deposit as a whole 
about 100 feet wide, as much as 15 feet thick, and in excess of 1,200 feet 
long. Its long dimensior riented about N. 70° E., is closely coextensive 
with the fold \lthough the width of the deposit is much greater than the 


breadth of the anticline, its highest grade parts are mostly in the structural 
low just north of the steep or overturned flank (Fig. 18 


RESOURCES IN UNEXPLORED GROUND 


The ore-bearing rocks between Gallup and Laguna dip northward, so, 


generally speaking, there is only one line of outcrop of these formations (Fig 


2 The known deposits have been found at this outcrop or, by subsurface 
exploration, at moderately shallow depths within a few miles north of this 
outcrop. It is possible that the pattern or frequency of distribution of these 


deposits at and near the outcrop continues in these formations northward 


under increasing depth of burial toward the center of the San Juan Basin; 


under these circumstance the undiscovered resources would be extremely 
large. On the basis of interpretations from known geologic relations, how 
ever, it seems more likely that the deposits will 
it least 20 miles wide north of the present outcrop. Even though this concept 
f the southern San Juan Basin mineral belt restricts the favorable ground 


geographically, the amount of unexplored ground within the limits of this 


tend to be clustered in a zone 


belt is enough to contain several times as much uranium resources as is now 


know1 The geologic evidence and reasoning for this belt are reviewed below 
\ short distance south of the Gallup-Laguna area the Morrison formation 

cut out by the unconformity that underlies the Dakota sandstone A] 
though deposition of the Morrison undoubtedly extended to the south of this 


line, the existence of a broad area of nondeposition in central and 


New Mexico (13) suggests that the southern limit of deposition of the Mor 
‘ 


southern 


ison was not far south of its present southern limit (Fig. 1 
The Todilto limestone also pinches out in a depositional edge along a line 


a short distance south of Laguna and east of Gallup, and still farther south 


the Entrada is cut out by pre-Dakota erosion. The Gallup-Laguna area seems 
to have been close to the southern edge of the general basin of deposition it 
vhich the Jurassic rocks of the Colorado Plateau region accumulated Per 
haps the tectonic movements that during the Jurassic formed and sustained 
this basin caused the minor flexures in the Gallup-Laguna area. These fle 

ures probably gave rise to the intraformational folds in the Todilto limestone 
preparing the rock for later ore deposition; and these flexures mav also have 
had some control on the 1 tions and trends of the streams that formed the 


sandstone lenses, which are hosts for the deposits in the Morrison formation 
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At any rate, because of these marginal relations, rocks favorable for ore 
deposits did not extend much farther south than the present line f outcrop 


between Gallup and Laguna 
| 


Evidence to limit and predict the northern edge of this belt 1s even more 


tenuous, for the ore-bearing rocks are buried. Of course the pre-Dakota 
flexuring could have extended northward into the basin of Jurassic deposi 
that this deformation was concentrated along, and 


tion, but it is more likely 
basin margit In the Laguna district the Jackpile 


perhaps re tricted to, the 
andstone thins northward from the Jackpile mine: and no significant uraniun 


deposits are known more than a few miles north of the Jackpile mine There 
has been little exploration north of the known deposits in the Ambrosia Lake 


and Galluy district because ot the increasing dept! ot burial ot the ore bearit yg 


*} 
rock There is some evidence, however, that the ore-bearing sandstone 
locally thin northward from the vicinity of the deposits in the Ambrosia Lake 
district. Where the sandstones show no apparent thinning they become mort 
uniform in charactet This greater uniformity of the sandstones suggests 
a depositional change basinward, possibly to quieter, or more uniform fluvial 
a 


conditions, and the deposition of sediments that were probably unfavorable 


for the formation of significant uramiun 
In summary, the reasons for the existence 


deposits are not fully known; the fact remains, however, that the belt parallels 


ce posits 
| 


of this belt of known uraniun 


a number of controlling and definitive geologic features. In addition to the 


highland and the southern limits of the Todilto limestone and the 


Jurassi 
Morrison formation, it parallels the easterly trend of the major Jurassic folds, 
the dominant orientation of the intraformational folds in the Todilto lime 
longatior of the thickest parts of the host sandstones of the Morri 


stone, the « 
son formation, the dominant 


stones ind finally it para lels the individual belts of deposits is the HISsON 
, } } ; 


known sedimentary trends within these host sand 


Canvon and Ambrosia trend 


MMARY AND CONG USIONS 


wuuthern margin of the San Juan Basin occur 
in the Morri 1 lodilto, and Entrad formations of Jurassk age and the 
dstone of Cretaceous age The known reserves have a total value 


thar ne hillior dollars : most of these reserves are in the Morrison 


In the Morrison formation the ore minerals of the principal deposits are 
1 


intimately 1 ed witl carbonaceous material that in pregnat sandstone 
ane torms tabular bodies tl at he nearly parallel to the edd 4 Most de 
posits are in the central part of thick sandstone lenses. Gentle folding during 
Jurassic time may have controlled the positions of the streams that formed 
these sandstone lense 

The ore minerals in the Todilto limestone impregnate and replace the 
imestone where it has been deformed by intraformational folding and fault 
ng Tl detor tion n y | e been caused by the flow ige oft unconsoli 
lated lime muds on the flanks of the Jurassic flexures, for the intraformational 
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E GRAVITY METHOD TO IRON ORE 
EXPLORATION 
| AM J. HINZI 
TRAC 
e gravit et ¢ n imecere neg mportant role nm the 
eat t re rese ’ ores nee the ‘ elopment ot } ghily 
portable g1 ote ‘ higt egree of precisior Il} method 
} been us« the s« or and study « rect shipping ores, but it 
to be « ly useful in the study of large tonnage, wide, nea 
ce “taconite typ re bodies that e been the primary concer 
of the iror re ust t the past de F 
gravity et} wae t applied to iror e exploration a tool 
! etecting non-t et ores. but ntages of tl metho , 
othe exploration met ‘ Iso 1 e it useful under certain eve 
logical conditiot n the st of magnet ores and re mal structure 
rable for the re ‘ ror re Hlowever. the er ty etho 
restricted by se« tations that t be realize t understoo t 
the licati ‘ the met to he CCE ul In addition. the ful 
; zat ' the met! ent < ) plete understanding « thy 
; ; ‘ t hit the ‘ t wit the wnt ' | 
Il} e 1 t by the ‘ nee of densiti« { 
ore that le ‘ the tion <« hot . tive ' egative et ‘ 
ne . ‘ he re r that the unt and at ‘ 
, , tos te ‘ the re ‘ vy tv surveving \ eet 
netior the . 1 is tior lable eithe thr 
ore £ ther | t ¢ 
ROD 
GEOPI CAL metho é ration have plaved an i | 
role in the search f 


iyed asingly important 
, arch for new reserves of iron ore since the end of World War II 
As tl fet ible demand for iror 


1 beyond the reserves « 
hed source DI and as impr 
nhysical ; ; 


i pre vements were 1! ice 1? Ver 
hvysica nstrumentati technique the established methods of iron ore 
prospecting with compa nd dip needle have been supplemented with a 
riety it new grou ! gpnetic instrument airborne magnet gvravit 
electr electromagnet I eismic method I ¢ <plor ation The gravity 
met } ’ partict ay (2) ‘ t mcre ng ! portant part t rot ore 
, pl ont » S e the ent t } ghly port ble gr meter | ble of 
high degree of pr 
The purpose of tl eT tr revi the apr tiot f the gravity method 
in teat tie Geis on the tages and disadvantages of the 
etl ‘ 1 ‘ ' , , thy py ‘ 9 f the met} The 
ment mi ore t re wy ecting an n particular the 
tke Superior typ ormiatiot d ore bodice 





The tert taconite res used in this paper ncludes th se ores that come 
under the legal definition of taconite in che laws Minnesota as well as al 
low-vr ( ron-be iring rock that cannot be concentrated t ore by simple 
methods of crushing, screening hing, jigging, or drying, but can be by 
magnetic, Notatior pira r electri ethods of concentratior 

I! ORY O} Hit API CA ION OF rHE GR | {} op 

One of the earliest published report on the use t gravity methods il 

iron ore exploration in North America is included in the report on geophysi 


| y | 
studies at Steep Rock Lake, Ontario, by Dr. A. A. Brant in 1940 (4 sotl 


i gravimeter and a torsion balance survey were conducted on the ice of Stee] 
Rock Lake in the search for hematite ore bodies believed to exist below the 
lake The gravimeter was used unsuccessfully because the motion of the 
lake ice prevented precision observations and the results of the torsion bal 
ince survey were complicated because of effects from the ledg« topography 


beneath the lake sediments 
To the author’s knowledge the first published test ot the gravity method 


over a known iron ore body in the United States was reported by Barnes 


and Romberg in 1943 (2 They successfully used the gravity method to 
investigate quantitatively the Iron Mountain magnetite deposit in Llano 
County, Texas. The first published test of the gravity method over a know1 
iron formation and ore body in the Lake Superior region was reported by 
Zinner in 1949 (11 his investigation was conducted during 1944 in the 
Iron River district of the Lake Superior region for the U. S. Bureau « 
Mines The purpose of the survey was to investigate the possible use of the 
gravity method in the detection of direct shipping iron ores \ccording t 
Zinner (11, p. 3) in this study “Gravity-meter surveys met with limited su 
ess permitting inferences relative to the strike of local sedimentary beds 
Immediately after World War II several organizations experimented witl 
gravity metho n the study of both direct shipping and taconite type ores 


The surveys conducted by private organizations remain unpublished, but 


Bacon and Wyble in 1952 (1 reported on both a detailed and regiot il surve 
in the Iron River—Crystal Falls, Micl iwan, area atl d Wooll ird and Hansor 
in 1954 (10) reported on surveys conducted by the University of Wisconsin it 
the Vermilion, Gogebic, and Baraboo iron ranges These survevs met witl 
vary degrees ors ¢ dem ne n loc il ve ke oi il nditior 
I< 0) oO} (RA Ty MET top 
The gravit etl | been apt d to iron ore ¢ plorati 1) te 

n quantitative studic f both magnetic and not wnetic ore bodies ? 
is a tool in the search for né etic ores, and (3) as a reconnaissance 
tool in the stu -~ nal structures that are favorable for the occurrence of 
iron or It ny explor n organizations the principal application of the 
yravit nethod | ce he rititative tudy ot re bodies The LITT MSE 
f these studi ( etermining the areal and subsurface extent, the 
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ittitude a structure. and the tenor of the ore body The gravity method 
has been used primarily in conjunction with other geoy hvsical methods and/or 
geological studie he success of the method in quantitative studies, all 
ther things being « s strongly dependent on the limitations imposed by 
the results of these other studies [his is true because the gravity method, 
Y ther methods | ed n potential fields, does not uniquely define the 
re etry of the cal t i i ind the contrast ! the physical property 
that easure 
The gravity method | wen used in the study of direct shipping ores 
it it has proven t ve especially useful in the study of taconite type ores 
vhich have received the ijor interest of the tron ore industry during the 
past decade To be of economic interest most taconite ores in addition to 
containing a certain minimum iron content must occur in wide ore bodies of 
large tonnage ose ¢ gh to the surface to be mined by open pit methods 
hese factors ! tonnage, wide ore bodies, and surface proximity—make 
taconite ores particular enable te stud by gravity methods Most 
taconite ores also are not ject to the density fluctuations that can exist in 


Bas ( CGravit VU thod The rTravit\ method is based m measure 


ments of small variatior the vertical acceleration of gravity The differ 
ence between the observe variations and the theoretical values of gravity 
calculated fron i know edge of the gravitational field of the eartl is called " 
gravity anomaly The theoretical values of gravity used in the calculatior 
f the Bouguer gravity anomaly, the type of anomaly employed in most 
geological interpretations, includes the effect of latitude, elevation and in 
cluded mass above or below a datum, and local terrain departures. The 
non values indicate departures from the mass distribution assumed 
n calculating the anomal Horizontal variations in density causing these 
departures are the orig f the gravity anoma Vertical variations i 
densit f horizontal lave ffect all observations to the me degree at 
therefore, v not affect the naly 
The density contrast particular interest in gravity prospecting for 
ron ore are the variat etween the iron formations or ores and the count: 
ro r the ntrast betwec rmations that have a structural or stratigraph 
relati nal ‘ the ‘ rre P t iron tor itions or ore 
Densit latiov Positive gravit nomali re normally four 
: ted with iron ore e to the positive density differential between the 
res and the country ro The positive differential reflects the greater 
lensit f the iron miner s compared to the minerals making up the major 
port f the country 1 [he major iron ore minerals—magnetite and 
het tite have densitt ! T d 5.1 ( the minerals f the ce ntr roc} 
on range in de t rom about 2.6 to 3.0 The ntrasts found i1 
nature are seldot ré rested | these densities because the t 
ntait purities, pt ca either ry) the fort of aq rtz hert or 
hined witl rot y ther ‘ ne fort 7 vhich lower the on at. 
of the res 
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n the included minerals and their relative 





The density « in ore depet 
proportion Fivure 1 illustrates the theoretical relationship between density 
ind per cent iron in a magnetite-quartz ro ind in a hermatite-quartz rock, 
both of which are commonly approximated in nature These relationships 
are useful as first approximations in the analysis of gravity data, however, 
4 
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quartz rock is shown in Figure 1. Garnet (assumed density—4.0) and 
juartz (assumed densit 2.05) are assumed to make up equal proportions 
f the gangue by weight It is obvious or comparison of this curve with 


that of the simple magnetite-quartz rock that the presence of garnet causes 
erious variations in the density-percent iron relationship. It is significant 
to note that the slope of the curve for the magnetite-quartz-garnet rock is 
less than that for magnetite-quartz rock indicating that the distinction between 


cks of varying iro1 ntent is more difficult when garnet is present in the 
gang Also shown in Figure 1 is the line that best fits the trend of 52 


lensity determinations of the Boston Township, Ontario, magnetic taconite 


ore varying in content from 13 to 37 per cent soluble iron as determined by 
the method of “least squares.” This ore consists of magnetite and quartz 
th garnet quite common in some sections. Possibly the presence of garnet 
reflected in the figure by densities greater than the theoretical magnetite 


uartz relationship over most of the investigated range 


Che effect of grunerite, which is another common gangue mineral in some 
possible taconite ores, on the densities of iron ores is shown in Figure 1 by 
the “least squares” line for 6 samples totaling 43 kg of the Agenda, Wisconsin, 
taconite ores. Certain horizons of this magnetite formation are rich in iro 


silicates, particularly grunerite Graphite and iron sulfides also occur as 
5 minor impurities. The samples tested, ranging in soluble iron content from 


15 to 25 percent, were found to vary in density from 0.4 to 0.7 above the 
normal densities of a simple magnetite-quartz rock 

\lthough positive density differentials and gravity anomalies are generally 
issociated with iron formations and ores, negative differentials and anomalies 
can exist, thus providing distinctive and often important relationships 
Negative gravity anomalies may occur in association with taconite ores when 
the density of the country rock exceeds that of the iron-rich rocks An 
nple of this situation is found in the Vermilion iron range of Minnesota 


I 
where the Soudan iron formation occurs interbedded with the Ely greenstone 


This iron formation as studied at the eastern end of the district on the 
Fortier-Mills property consists of magnetite, quartz, and locally iron silicates 
The density of the magnetite-rich iron formation is 3.20 whereas the mag 
netite-lean iron formation has a density of only 2.80. These densities are it 


ontrast to the greenstone, which has a mean density of 2.95. Thus the 


economically interesting iron formation has a positive density differential 
vith the greenstone, whereas the lean iron formation has a negative differ 
ential \lthough negative anomalies associated with the lean iron formation 
have no direct econon nterest they are of aid in tracing the strike of the 
ron formation and determining the regional structure 

Negative gravity anomalies may also be associated with direct shipping 
re Brant (5) reports o1 h an association in the Labrador trough are 
lhe process of iron concentration from an iron-silica formation by the oxida 
tion of iron and the leaching of silica leads to an increase porosity and 
there re to a decre I I The result j i egative det t differ 











470 WILLIAM J. HINZI 


a negative gravity anomaly Che theoretical relationship of density versus 
percent iron by weight in a hematite-quartz formation with varying degrees 
if porosity is shown by the family of curves in Figure 2. The porosity is 
indicated by the percent moisture by weight since all the pore spaces are 


assumed to be water filled Although there are inherent dangers in using 


these curves because ot the assumed simi fied 1! ineralogy, they cal be very 


useful for approximations and as guides to relations from rocks of more 


These curves suggest that direct shipping ore containing above 50 percent 
by weight ferric iron occurring in an iron formation that contains 20 percent 
ferric iron by weight with no porosity may have the same, a smaller, or a 
greater density (3.1) than the iron formatior The sign and magnitude 
of the density contrast depends on the porosity of the iron ore. The sig 
nificant point is that a direct shipping ore body lying within an uneconomical 
iron formation may under certain porosity conditions give rise to no gravity 


1 


inomaly or even a negative anomaly. The successful detection of such ore 


bodies by gravity methods is very difficult except where geological data 
sufficiently limits the possibilities. Further complicating this situation is 
slumpage and compaction of the ore, a common phenomenon, with conse 
quent decrease in volume and pore space of the ore and thus an increase in 


density Therefore, it is possible for the vertical variation of the density 
contrast in an ore body to vary from positive at the bottom due to compaction 


to negative at the top where there is limited compaction. This possibility 
greatly complicates gravity interpretation, but with proper background geo 
logical information interpretation is still feasible 

The decrease in volume of the ore from slumpage may also indirectly lead 
to negative gravit inomalies associated with ore bodies if the slun p reaches 
through to ledge causing ledge caving Caving at ledge causes a depression, 
which when filled with overburden will give rise to a negative density dif 
ferential between the overburden and the ledge rock and thus a negative 
gravity anomaly over the sub-outcrop of the ore body Zinner (11, p. 27-28 


reports on an anomaly in the DeGrasse area of the Iron River district that 


possibly has thi orig. 


ldvantaq f the Gravity Method.—The gravity method has been applied 
to iron ore exploration because of its inherent advantages and because of 


veaknesses in other iron ore exploration techniques, and also to corroborate 


the more universally applied magnetic method \ discussion of some of 
the more important advantages and applications of the gravity method to iror 


’ wma foll ‘ 
re prospecting foil S 


(1) The gravity method was first applied to iron ore exploration as a tool 
for detecting the presence of non-magnetic ores. Gravity methods are aj 
plicable to this type of exploration because density is one of the few physical 
haracteristics and in many cases the only characteristic of hidden nor 
magnetic ores that i listinctive and can be detected by present geophysical 
nethods. However pointed out previously. the densities of these ores 


are not universa distinctive 
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3. This figure shows the distance relationship for both gravity and mag 
netics as a function of the horizontal distance from a point over the center 
of a thin vertical sheet, a form commonly approximated by iron ore bodies 
The relations based on calculations assuming a vertical magnetic field are 
shown for the entire anomalous body and also for both the upper and lower 


halves of the body. It is evident from these relations that the top half of the 
anomalous body contributes more to the magnetic anomaly than it does to the 


gravity anomaly. Over the midpoint the ratio of the effect of * top half 


a» horizontal distonce from oa “point over 
the center of a thin vertical sheet 
Ze depth to top of anomalous sheet 
zy ° * Dottom * . . 

2 
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woft 
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fe] ° 200 WOO 
x feet) 
g. 3 Orstonce relotionsmp for gravity and 
snomaties as a function f the horizontal 
from a point over the center of a thin 


sheet in a vertical magnetic field 


to that of the entire body is 0.70 for gravity compared to 0.86 for magnetics 


? 
ind at a horizontal dist of 100 feet from the midpoint the ratio is 0.65 for 


gravity and 0.70 for n 
' 


A more general case is illustrated in Figure 4. In this figure the rela 


tionship is given for 1 listance function of both gravity and magneti 


anomalies over the midpoi a two-dimensional (i.e., infinitely long), rec- 
tangular, vertical sheet unction of the depth of the bottom of the sheet 
when the depth to the top of sheet and the thickness are held constant. The 
distance function for the gravity value over the midpoint of a vertical sheet 





function 


distance 


10 100 


7 


Z,~- depth to bottom of sheet 


Fig 4 Relationship between the distance function of 
gravity and vertice! magnetic anomalies over the mid 
point of o vertice! sheet as a function of the depth 
to the bottom of the sheet when the depth to the 
top and thickness ore held constont 








t the sheet that are 10 times or more the depth to the top of the sheet 


Beyond this depth the distance function for magnetics remains relatively con 


stant As Z approaches infinity the distance function for magnetics asymp 
totically approaches a value of 1.5708—tan"' 2Z,/t; this is in contrast to 
the distance function for gravity, which approaches infinity. The insensitivity 


of the distance function of magnetics to variations in the depth to the bottom 


] 


of a vertical sheet seriously limits the quantitative information that can be 


extracted from magnetic anomalies 


The insensitivity of the magnet method, however, can be used to ad 
vantage when properly appreciated \n example of this is the analysis of 
the direction of dip of a steeply dipping, magnetic sheet. The direction of 


dip is often difficult to determine when the angle of dip is very high and, as 


often is the case, when the sheet is magnetically hetrogeneous, however, the 


direction of di even though it is only a few degrees off the vertical can be 
very important in selecting drilling sites Magnetics when used with gravity 
studies can give a clue to the direction of dip. The gravity anomaly will be 
shifted from the magnetic anomaly in the direction of the dipping formation 
since the gravity anomaly is affected by the entire formation and the magnetic 
anomaly by only the anomalous material near ledge Under some circum 
stances it necessary to correct for the shift of the magnetic anomaly due 


to the inclination of the earth’s field before the comparison can be made 
(d) The total mass of the anomalous formation can be calculated from 


the gravity anomaly as shown by Hammer (7 This can be very useful in 
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pose of obtaining samples for densit easurements especially since it ré 
jtures exte ve drilling to obtain a representative sample Outcrops of the 
country 1 from which samples be obtained are generally rare tor 
This is espe true in the investigat of taconite ores because if outcrops 
ire present they consist mat f the more resistant iron ores and forma 
tiot \s a result the density of the country rock is usually estimated or 
imited knowledge However, auxiliary geophysical information can be used 
to aid i entifying the country rf nd thus it the possible range of 
ae ti > 
(2) The gravity method is incapable of detecting beds or masses of waste 
iterial iron ores that do not have a density contrast with the ore. This 
ituatior common in taconite ores that are adulterated with silicate hori 
or iT clike which ma ive little or no density contrast with the 
iron ore t 1 | C theient magnetic contrast t he detected by mag 
net metl 
(3 \n invalid assumption oftet ide in the interpretation of gravity 
results I re €X] loration is that the ledge surface is a horizontal plane 
Although the tron ore the Lake Superior region occur in terranes that 
have undet e peneplanatior here still exists enough relief in the le 
surface these areas t LISsé e anomalies that distort and confuse 
geoloui interesting anomalse he effect of bedrock relief is particu 
larly important because the densit mtrast between the overburden and 
ledge ro EXCEEE that t trasts und in Precambrian terranes 
The pr é parti ! perplexing nce the major bedrock relief 1s 
commot lled | g tl the variations in lithology and ledge 
relief are superimpost each other 
Che effect ledge topograpl illustrated in Figure 6. The assump 
tion mace t gure is that the top 1 thin vertical iron formation cot 
taining 20 percent magnetite | \ me lies 50 feet above the general level 
the country f hi ere with 200 feet of overburdet The 
resulting gt nor s 1.5 times the magnitude of the anomaly the 
top of the trot rmatior level with the country rocl Ledge relief alse 
has a maior eftect o1 enetic anomalies as indicated in the illustratior 
The eftect ge reli ~ dep dent not only on the magnitude of the 
relief, but als the overall « eptl of the ledge rock For exan ple, the effect 
of a horizonta of rock of infinite strike length that is 200 feet wide and 
20 feet thi upet posed ledge surface of a depth of 30 feet will be 3 
times that if the | ere superimposed on a ledge surface of a depth 
f 200 feet 
(4) A n source errot gravity surveys is the use of a wrong 
combined elevati rrection factor (combined free-air and Bouguer correc- 
tions hase nm al proper selection o! the representative density of the 
material between the reference elevation and the individual stations. The 
error that shows u the enitude of the anomalies, depends on the amount 
topographic relic ed e the correction factor is multiplied by 
the elevati the t s above or below the reference eleva 
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the limits of error of the method. Nevertheless detailed corrections are often 
necessary for studies conducted near existing mines because of the presence of 


dumps, stockpiles, open pits, or caves 


] 


(6) The most serious problem in the analysis of gravity data in many 


areas is the correct elimination of the regional gravity anomaly. The re 
gional anomaly, which originates primarily in regional structures and deep 
seated geological features, but which also may include the effect of ledge 


surface relief and cumulative errors, often obscures the economically interest 
ing anomalies to a degree where it highly distorts them or even completely 
masks then Che regional anomalies associated with some sedimentary Pre 
cambrian iron formations in the Lake Superior region are particularly dis 
torting where the vertical formations lie near the contact of two large rock 
units of dissimilar density \ typical example is cited in the example at the 
end of the paper and is illustrated in Figure 10 

The problem of the regional anomaly is not only one of eliminating it, 
but also of obtaining enough information about it so that it can be eliminated 
This calls for extending the surveys beyond the limits of the economically 
interesting areas with resultant increase in the cost of the gravity surveying 
In addition, extending the surveys is often impossible because of physical 
features or ownership problems that reduces the effectiveness of the surveys 


(7) An inherent disadvantage of the gravity method is that gravity 
anomalies are broader and thus less definitive than magnetic anomalies 
originating from the same anomalous body. As pointed out in discussing 
the advantages of the gravity method (2c), the magnetic method emphasizes 


the near surface anomalous material more than the gravity method and is 
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Fig.7 Effect of surface relief (assuming two dimensional topographic 
features) and combined elevation correction factor on the Bouguer 


gravity anomaly 
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little affected by the contribution of the material at a depth of 10 times or 
more the depth to the top of the body, as a result magnetic anomalies are 
sharper than the gravity anomalies from the same body (Fig. 3 This factor 
is particularly important en two or more anomalous bodies occur near 
enough together that their anomalies overlap, a situation commonly found 


g 
in iron ore exploration 

(8) Experience has shown that gravity surveys are from two to three 
times more expensive thar uwnetic surveys. There are many reasons for 
this, but the main one is that relative elevations of all gravity stations must 
be determined to an accuracy of a tenth of a foot. This not only requires 
extra time, equipment, and men, but requires “brushed” lines along which 
the elevations may be carried. Cutting lines can be expensive in heavily 


1 “bush” country In addition, the initial investment and unkeep is 


wooded or 


greater for gravity equipment than for magnetic gear, and gravity computa 
tions re ¢ treme tine uming 


YPICAL EXAMPLES 


\ few typical examples of the application of the gravity method to iron 
ore prospecting are given to illustrate the use of the method and to show 
some of the types of anomalies encountered. The examples are concerned 


rimarily with taconite type ores and are all from properties within the Lake 
proj 


Superior regiotr The examples are not presented to cover comprehensively 
the complete geophysical studies of the properties, but rather to illustrate the 


use of the gravity method. It is hoped that in the future the complete geo 


physical case history of some of the properties will be presented 
Example I, The Jones & Laughlin Steel Corporation made a geophysical 


study of the Fortier-Mills property in the Vermilion range, Minnesota, to 
locate and delineate the structure of the Keewatin iron formation known to 





occur in the area from outcrop data. After the economically most interesting 
areas were located with a ground magnetic survey and preliminary core 
drill was completed a limited gravity survey was conducted to aid in 


evaluating the property 


Geologically this area consists of steeply dipping greenstones with inter 
bedded iron formations. The iron formations contain magnetite, quartz, and 
locally iron silicates. The thickness of the glacial overburden varies from 
zero to perhaps 50 feet. The average thickness is probably 10 to 15 feet 


\ density study of a suite of drill cores selected from the area indicates 


that the density of the greenstone (2.95) is intermediate between that of the 
magnetite-lean iron formation (2.80) and the magnetite-rich iron formation 
(3.20 The magnetite-rich formation contains around 25 percent crude iron 


by weight whereas the lean iron formation carries 10 percent or les 


The gravity investigation provided information about the local and regional 
structure and in addition indicated that no large magnetite-rich formations 


exist at depth that were not encountered in the core drilling. The dis 


} ' eonetic anon ali < and the asso iated poor grade S 


id 


crepancy between the hig 
n the drilling suggested that the drilling did 

















not intersect all of the principal trot rich formations. possibly due to pinching 


out of the greenstones However, the gravity information indicated that 
this was not the case 
\ tvpi l section it right ingles to the strike of the inomalous formations 
shown in Figure & The vertical magnetic intensity anomaly is included 
with the results of the core drilling and the Bouguer gravity anomaly profile 
to facilitate comparisor The two main groups of iron formation centered 
at 500E and 1LIOOF are both indicated by the gravity The magnetic anomaly 


centered at LIOOE is only slightly less prominent than the other main mag 
netic anomaly, which is in contrast to the significant difference in the corre 
sponding gravity anomalies Chis suggests that the iron formation at 11O00E 
decreases i magnetite content witl depth ind/or does not extend as deeply 


is the iron formation centered at 500] 
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F.iqg8 yuer grovit - f :  ter- ME prospect, Vermillion Range, Minnesota 
Example 11.—The Magnetic Center iron formation located in Iron County, 
Wisconsin, has been described generally by Beutner (3). The iron formation, 


which has a maximum stratigraphic thickness of over 1000 feet, dips approxi 


mately 65° to the south and is bounded on the footwall and hanging wall sides 


by chlorite schists lhe iron formation appears to be a thickened lens of 
iron rich rocks in the schists of the Marenisco Range. The prospect does 
not outcrop and drilling and seismic refraction studies indicate the glacial 
yverburden averages about 70 feet thick 

Since there are 1 tcrops of the iron formation, the location of the de 
posit and guiding of thi re drilling has been a geophysical problen Mag 


netic surveys origina! cated the prospect and have played the major rok 
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nating bands of quartz and magnetite Several varieties of schist are asso 


ciated with the iron-rich rocks, but outcrops and core drilling suggest that 


the princy types are a garnet schist and a quartz-biotite schist. Outcrops, 
drilling, and topography indicate that the glacial overburden is thin, rarely 
eedit ~ eet 

wo alternative interpretations of the major structure of the iron forma 
tion were formulated from a study of the outcrops, core drilling, and magneti 
anomalies The first theor uggests that the iron formation is limited t 
1 rather shall eptl vhereas the second suggests that it extends to a 
considerable dept! Naturally, these two divergent interpretations lead to 
different estimate f the tonnage of ore available even through open pit 


mining operat 


\ brief gravit surve vas mace ta portion ot the property in an attempt 
to resolve the problem of the depth extent of the iron formatiot In Figure 
10 a composite Bouguer gravity profile over the iron formation corrected for 


terrain and overburden is shown with a correlative theoretical profile calculated 
on the basis of the assumed geological section shown in the figure. The 
components of the iron formation were broken down in detail to a depth of 
1,000 feet on the basi f outcrops, drilling, and magnetic data; however, 
the iron formatior lumped together with the included schist from depths 
of 1,000 to 4,000 feet which satisfied the purposes of the survey The close 
correlation between the observed and calculated anomaly profiles strongly 


suggests that the n formation extends to a considerable depth, thus sup 
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porting the second geological interpretation, and at least postpones additional 


core drilling to a more convenient time 





Example Il his example was chosen to illustrate the manner in 


vhich the gravity method can be used as a recot naissance tool in the search 
lor regional structures that are favorable for the occurrence of iron ore 


[he Baraboo syncline, which is an inlier of folded Precambrian igneous and 


metasedimentary rocks in the flat-lying Paleozoic sedimentary rocks of south 

central Wisconsin, contains a relatively non-magnetic iron formation that has 

been a source of direct shipping iron ore in the past Similar synclines con 

taining potential iron ores may lie hidden under a veneer of horizontal Paleo 
ic set ents in this same area 


One method of locating the syncline is illustrated in Figure 11 which is 


the residual Bouguer gravity anomaly map of the Baraboo syncline region 


\ tinct gravity minimum reaching a maximum amplitude of 18 milligals 
is shown correlating with the syncline The origin and implications of this 

inimum are explained elsewhere (8 It uggested that synclines similar 
to the Baraboo svn line in the same general area mav be isolated by search ng 
or similar negative gt ty an lies 


SUMMARY 





The preceding discussion has pointed out the advantages and application 
of the gravity method to iron ore « <ploration when the method is used prop 
erly and the results ire interpreted in light of the nethods limitations and 
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e been forme ‘ melts, but that most other types of de 
t e beet ue ut Since these eou 
tor the | t 1 ther than gases, the deposits are 
e properly « é ther than “pneumatolyti Filling 
temperature ‘ é t fli clusiot ndicate that most hydro 
the il tin deposit n the 300—500° C rane Of the previously 
ggestes et! tin transportation, alkali-stannate 1 alkali thio 
tal ite t nee th the nclusion ita Ay tional 
possibilit e alk lh filuo-stannate solution 
rRODUCTIO 
| N re leposits ire | irt iT uitable 1or an investigation ot the inclusions 
minerals The mait re mineral, cassiterite, and most of its associated 


minerals are sufficiently transparent, and coarse grained. for inclusions to 
be readilv observed under the microscorne which is not the case with most 


other types ot ore det ts Al se some ol the problen s ot tin ore genesis 
have implications of a more general natur« The relations between pegma 
tites and quartz veir e st ed, since tin deposits occur in both settings 
nd the question of ther “pneumatolysis” 1s a major ore forming process 
he @e, iluated nce ertain ti deposits ire c¢ nsidered by me to be the 
t ‘ Tie r tl t Ty re det cif ’ 
! 
‘ ‘ } 
’ ) t ? 
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| 1 


With few exceptions, tin deposits fall into five fairly well defined morpho 


logical (and undoubtably to at least some extent, genetic) classes 


1 


1. Pegmatites. In these deposits the cassiterite is generally closely asso 
ciated with “replacement” albite, beryl, spodumene, and tantalite-columbite 
minerals that are absent in other types of deposits 
2. Normal Tin Veins. This class covers most primary tin deposits, in 
which the mineralization occurs in quartz veins or their associated alteration 
zones. The mineralogically similar “pipe” deposits in non calcareous rocks 
are also included. Characteristic features of these deposits are their clos 
proximity to granitic intrusives, and the common association of wolframite 
and fluorine-bearing minerals (particularly topaz and fluorite 
3. Deposits in Limestone. These deposits are also closely associated 
with granites, but “skarn” type silicates are more abundant than quartz, and 
scheelite and fluorite are much more common than wolframite and topaz 
4. Bolivian Volcanic Type. These deposits are similar to the Normal 
Tin Veins, except for the absence of nearby granites, the general scarcity of 
fluorine-bearing minerals, and the relative abundance of sulfides and tin- and 
silver-bearing sulfo-salts 
5. Mexican Volcanic Type. These deposits are characterized by their 
occurrence in Tertiary rhyolite flows, and by the presence of minerals typical 
of fumaroles, such as specularite, cristobalite and tridimite 
This classification was used as a framework for the inclusion study, with 
1 twofold purpose in mind. The inclusion work could be expected to provide 
some information on the extent of the genetic differences between the classes 
Also some of the geological features shown by the different classes, particu 
larly those pertaining to probable depths of formation, have an important 
bearing on the interpretation of some of the inclusion data 
The inclusion study involved the examination of 133 specimens, from 80 
different localities, which include all major past or present producing districts 


outside of Russia and China. The work, however, was of a reconnaissance 


nature. Only a few speciments were examined from any single deposit, and 
only the more readily determined features of the inclusions were investigated. 
Considerably more work on the details of individual deposits, and the chem- 


1 


ical composition of inclusions could be done, and l 


would seem well worth-while. 
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PREVIOUS WORK 


iterature on inclusions in cassiterite is virtually non existent. The fol 


wing sentence is the only reference found on the microscopic observation 


of fluid inclusions Diy re contains many excellent fluid-cavities, though 
they are usually very small 37, p. 474 Decrepitation tests were carried 


out by Smith (28 on one specimen of cassiterite from Cornwall, and a 


sharp “break” in the rate curve at 345° C was considered to be caused by 
the filling of fluid inclusions 


Chere is additional information on the inclusions in other minerals trom 


tin deposits Hunt (13) described inclusions that contain a liquid, a bubble, 
and in some cases a salt crystal, in quartz veins from Cornwall. Grootoft 


(7, pp. 9-11) observed two-phase fluid inclusions in quartz associated with 
the deposits of Billiton, Indonesia, and found that the gas given off on heating 


specimens to 750° C was steam with a little CO,, and minor amounts ot 


Cl, and H,S. Smith (28) tested quartz, tourmaline, wolframite and chalco 
pyrite from Cornwall by the decrepitation method, and obtained readings 
varving from 261 to 345° ¢ [he decrepetation was thought to be caused 
by the filling of fluid inclusions, since in a thin section of the quartz, two 


phase fluid inclusions were observed, and the filling temperatures estimated 


juid ratio was close to the decrepitation temperature 
Konta (19), using the decrepitation method, obtained readings of 294—304° C 
| 77 


on tour specimens of quartz nd 2/44 ( on two specimens of fluorite from 
a tin deposit in Zinnwald wo phase fluid inclusions were observed in thin 


innw 
sections of these mineral ind the decrepitation results were interpreted as 
representing filling temperatures 


[hin sections of all suitable specimens were examined under the microscope 

ing a magnification of 1,000 The thin sections were polished on both 

sides, and vary in thickne from .3 to 3 mm, depending on the transparency 

of the mineral. With this type of section, good to excellent resolution of 

inclusions was obtained in 1 t cases—the exceptions being the wolframite 
f the pegmatitic cassiterite 


Most inclusions were examined over the temperature range of about 10 
t KH) { t heck for any changes in the number or relative amount of the 


fluid phases The heating and cooling was done on the microscope stage, 
temperatures above ro temperature being obtained by pressing a hot 
spatula against the top of the section, and the lower temperatures by use of 
an ethyl chloride spra' \ few inclusions were examined at considerably 
lower temperatures by cooling the section by means of liquid air, and observ 


it under the microscope t returned to room temperature 











In a few cases measurements were made on the ten peratures of phase 
changes that occur below room temperature by means of a cooling stage Che 
specimen and a concentrated CaCl, solution, which had been cooled by drv 
ice, were placed in a glass dish on the microscope stage, and the temperature 
was measured as it rose to room temperature by a thermometer, which also 
served as a stirring rod 

The filling temperatures of fluid inclusions were determined in four ways 

Heating Stage Measurements—tThe air-heated heating stage that was 
constructed for the study, is shown in Figure 1. It was calibrated with a 
Thomas “Micromelt” set, and by observing the melting temperatures of 
thin shavings of tin, lead, and zin With these calibrating materials results 
were reproducible to + 3° C, but mewhat lower accuracy could be ex 

i 
4 “te aline 
y, wos 
. wica swee 
K * - SPECIMEN 
/ = 4 
{> ' 
) J ' 
Pees { ) < wee rt 
——_ 
Fy | - 
‘ f ~ one - 
menwocourut 
, ase Boa® ~ arrow 
1 -y eee dies 
‘ 7 , act 
FIG 
HEATING STAGE 
pected with thin sectior minera vecause of their variation in size. The 
stage was attached to a microscope with a Leitz UM 4 long focus objective 
and 15 power occular, giving a magnification of 450 

Using the heating stage, filling temperature measurements were made 
on all fluid inclusions of sufficient size for accurate observation To check 
against the possibility of partial leakage occurring during the heating stage 


test, duplicate measurements were ide in all cases. and a con parison was 
made of the size the bubbles the inclusions before and after heating 

The heating stage method etermining filling temperatures has several 
practical disadvantages. It I ipplicable to transparent minerals, it is 
time consuming, the 450 gnification used only allowed about 1 percent 
of the observed inclusions to be tested, and inclusions sometimes leak during 
heating It has the utstanaing dv intage, however. of being the only 
method that gives rect measurement of the filling temperature, and all 
ther methods proved to be either unreliable or impractical 
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Calculations from Bubble-Cavity Rat In this method, which was 


applied to all fluid inclusiot f suitable size and shape, the dimensions of 
the bubble and cavity are measured using a micrometer occular, their relative 
volumes are calculated, and the filling temperature is obtained using P-V-T 
1 ta r iteT 

Alt gh this method | the advantage ot being more rapid than the 


heating stage tests, and can be applied to smaller inclusions, it has very 








evere limitations. Volume lculations are only possible with inclusions of 
regular shape rge errors are involved be of the differences be 

tween the P-\V-T relat f re iter and the solutions actually present 1 
the inclusiot In practice, it s found that this method almost always gave 
lower filling temperatures than the heating stage method (the error usually 
heing 50° and at times over 10% CC), whicl ilmost certainly a result of 


the inclusions containi tet lutions of nor latile compounds, rather 


+] nure water 
\lthough the quant re t btained tl etho re reliable 
the re ( Lite f I al \ m™ to | for the heating 
t r ethor 1 re te } e oT | } he iting stage tests were ide 


de the { oe te erature fr the apparent bubble-cavity ratio (t 

Sch, thee i o te eratiut elate | the ear] tage f the stud 
this was ne b mparing tt nclusions with a diagram showing hypo 
thetical inclust ! vari | ipes, bubble-cavit ratios, and calculated fill 
g temperatures, but with practice it was found that the diagram could be 


ispensed witl The estimate vere made before other methods were applied, 


This method is very rapid, and can be applied to any fluid inclusion of 
sufficient size for the bubble to be observed he results are quite close to 
that of the calculation method, the difference in most cases being less than 
30° ( However being based on P-V-T data for pure water it is subject to 


the same errors as the calculating method, and the estimated filling tempera 


tures are of value only in that they allow small inclusions to be compared 

ith the larger ones o1 hich the heating stage tests were made 
I) epitation Method This method « determining the filling te npera 
ture of fluid inclusions is described by Scott (22), Peach (20) and Smith 
nd Peacl f It } practical ad tages of being rapid, the results 
oye erage ‘ ; ‘ ‘1 er ne inclusi« ms tox " il] for 
heatine ‘ r¢ eter ' e tested nd t car he ipplied t paq uc 
‘ tr narent | } the ‘ ntage however +} it ’ 
é f I t ( the { g of primary inclusior un be 

, , ‘ 
SKEe¢ t t ¢ ! S101 T tre wmonaiou ecrepitatior 
—. oe Rosstal { 

the resent st ona 1 ecTrepitatiotr evere!] lin ted the 
7, es eth lect tatior this type, hicl eature ot 
t } r er! tarts 250—300° C range at reaches 
eal wut 375° ( t ‘ e of the filling temperatures of observable 









































fluid i ! Since the ling temperatures of the primary inclusions in 
cassiterite ind i ciated I nerais i letern ned DY t] e he iting stage meas 
urement re a usual in the 250—-400° C range. the decrepitation result 
crene?T uid 1 t by infterprete 
RESULTS 
io @ -e* , ‘ =" Locman 4 1 +} ‘ ot $1 se . 
eS OT InciustKt é pecimen, and the fhilin lé perat its 
, ' , ' 
ire ted in Tables I—I\ For both the measured (heating stage « ina 
andl inslatead Giling temnerats he limit a ee f ‘ | 
viol ind calculated filing temperatures, the limits Of variations reter to the 
differences between the different inclusions in the specimen, rather than the 
probable errors involved Because f the problems n interpretation the 
decrepitation results are not recorded 
Several different types of inclusions were observed 
, ' 1 
HO Inclusions Che most common type of inclusion four d, is the normal 
' 1 , 1 1 
two-fluid phase type, which at room temperature contains a liquid and a bubble 
In all case Ss. the size of the bubble was less than 40 percent otf the \ ume ot 
the cavit No additional fluid pl es deve oped on cooling the specimens 
with the ethyl chloride spr wr in the 7 specimens that were cooled to mucl 
An 
¥ ‘ v WATIT 
Filling Temperatures 
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Hote, even additional cese\terite specimens examined but found t te too opaque ¢ beerve any inclusions 


present. 
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" Filling Temperetur 
pecimen Types of Inclusions Bet imate Ga loulated Measured 
PS 4 on T a athena ai he Imei. 
Wo.| Mineral | Locality T’c. . uee tf Ce 8° 
- - + . ——+— +— - r —————| 
114) G@esiterite Gormn Dist., @l., 18,0 P(?) eome with salts xls. 1.26 28¢ 
Ue Se Ae B,O-0O, (7) P(T) few 
115 - Lost River, Alesia H,O P(? 1.37 280 339 
Fluorite H,O S(? 150 
H,O P(? 3x 1.28 260 
116 M@esiterite * as . H,O P(T) 276 1.31 270 
Fluorite #,0 S(? 100 
H,0 P(? 300 
117) @esiterite, Cmpligie, rtely H,O P(?) 230 1.22 2K 
118 a Arendis, S. @. Africa H,0 P(? 230 1.18 210 
B,0-co,(?) P(? 
lls _ Perak, Veleye 
120; * Ipoh Diet., Perek, H,O P(?) most with salt xle. 22 1.19 z16 
wBisye BO, (7) P(?) omly one 


TABLE IV 


PECIMENS FROM BOLIVIAN VOLCANIC DEPOSITS 














[ 1 : Pilling Temperetures 
Specimen Types of Inelusions Estinate Seeeeaees pooowres 
————_—_——— —+ Wol. incl. 
Looe lity ?°c. 7 Wage T°Ch T°Co 
+ 7 + 4 
jouteacto Win, Liellegue,|#.0 P 300 
Belivie | 
355 =. level | 
446 ° 300 1.46 310 
_ . H,O § 140 110 
H,O P | 360 379 
46) ° #,OS | 140 lac 
| H,0 P 360 Ms 
126 Quarts 561 ° H,O 8(?) |} Mo 
H,O P 300 1.4) 300 
126 Cassiterite Liellegue, Bolivie H,O P(?) with salt xle. 200-300 1.18 210 
| 1.41 300 400 
127| wolframite ° ° 1,0 P(? 230 1.17 10 
126) Apatite ” ° H,O s(? 160 1.10 16s 
BO P(?) 260 1.26 26¢ 296 
129) Cassiterite jile Wine, Plivis B,0 s(? 160 256 
H,O P(? 276 «=| «1.26 240 
| 131) Quarts Potosi, Blivie H,O 8(?) 180 
BO P(t | 200 1.13 180 


een 1 om ' 
Bote; Three additional cassiterite specimens examined wt found to te too find grained for eny 
inclusions presen to be obser 





ower temperatures (well below the freezing point of the liquid) by means 
liquid air. On heati nclusions of this type, the bubble contracts until 
it disappears. Cubic, isotropic crystals may be present in the liquid, and in 
me cases are accompanied by smaller anisotiopic crystals Examples of these 
nel re vn in Figures 2—9 
Che identification of the liquid in inclusions of this type as a water solution 
is been almost universally accepted in the literature, and is on firm grounds 
In a few ses positive lentification has been made by chemical analysis (3 
26, 18, ® Che phase changes that accompany changes in temperature ( freez 
ing point and filling temperature measurements ) are in all cases in accordance 
vith P-\V-T data for water solutions, and demonstrate that the liquid is not 
ul f the other fluids of nce ible geological importance { ( ch £2). oe 





17 


Fic. 2. H:O inclusions apatite spec. 129, Llallagua, Bolivia, hlling tempera 
ture 352+ 2° C, x 750 


> 


Fic. 3. HsO inclusions cassiterite spec. 127, Llallagua, Bolivia. filling tem 


perature 400 + 6° C, x 750 

Fic. 4. H:O inclusions cassiterite spec. 40, Cornwall, filling temperature 
499 + 15° ( 

Fig. 5 :O inclusions, fluorite spec. 38, Cornwall, filling temperature 398 + 
4~ { 400 

Fic. 6. HO inclusion, scheelite spec. 110, Aberfoyle Mine, Tasmania. filling 
temperature 148 + 4° C (note small bubbles ), x 500. 

Fic. 7. HO inclusions, cassiterite spec. 86, Belgian Congo, filling tempera 


ture 352+ 3° C. x 750 
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The determination of tl 


more difficult problem While 


Cases, 


omposition of the bubble in these inclusions 1s a 
it is probably essentially water vapour in most 
other gases ould be present, and as will be discussed below, there is 
indirect evidence for this in some specimens 
H.,O-CO, Inclusions —In some specimens, inclusions were found in which 
appears at some temperature below 31° ( 
en interpreted as indicating the presence of substantial amounts of CO, in 
the inclusion, the three phases being considered 
CO, and CO, gas. 


a third fluid phase 


This has usually 
’ 


to be essentially water, liquid 
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TYPES OF H,O-CO, INCLUSIONS 


As is shown in Fig 10. ¢ 


he transformation from the 3 pl 


lase to 2 phase 
condition can occur in four ways. The CO, gas bubble can contract until it 
disappears (Case I), expand until no liquid CO, is left (Case II), or the 


interface between the CO, phases can fade out (Case ITI Case IV trans 


" 
served in one specimen, are essentially the same as 
Case II transformatior ( fference being that the CO, gas bubble di al 
pears by contraction he vy rather thar ibn ve the treezing po t of the water 
solutior This type of t rmation has not been previously reported in the 
, 
terature t ft ~ t ‘ use it t °C! ooked t ( ase I] 
transformations can pt cur bek the freezing point « the water 
1 se, although no « e bee reporte 
oher te tur thes LOOM) ( rane ' 4 
‘ ? nl oe ts , ‘ , lling TI tra 
r © ‘ ’ ‘ either hw ¢] 
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felgian Congo, 


Belgian Congo, filli g temperature 


83, Belgian Congo. Same spec 
347 + 3 ( (Note large bubble 
VI ’ n three é 
Fro. 13 H.O-COs inclusions, cassiterite spec. 48, Graupen Filling temper 
ture 364 SOK 


Fic. 14. Complex inclusions, cassiterite spec. 9, Keystone S. D., x 500. 











curs, is independent o 
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disappears, tl f the bubble until it fills the 
ling out of t manner in which the filling 


iding 


nhase transformation which 


it lower temps 

identification of pl in inclusions shown in Figure 10 
transformations are indicative 

measurements have been mack 

is was done on inclusions in 

ind other example S are re 
and Stelzner (5), and 
a reasonable experimental 
Ibservations on the temperatures 
sformations occur, and on the 
interior phases vary with 
3, 47, 48, 61, 67, OB, 


listed by Smitl 


present study and many 
| with the P-\ data fe . but not any othe 


ICCOTCAANCE 


rrobable fluic [he water and liquid CO, phases in one inclu 


1 by Brewster (1) by index of refraction measurements 


six specimens (23, 47, 61, 67, 83, 129) in 


irly positive identification of the water phase 


peratures were not measured, they were shown 
below O° ( the lower practical limit of the 
but by the liquid air tests to be well above 


the inclusions These result 


of water solutions, but not of 


pe are shown in Figures 11 


r negative crystal forms, and are 
he H,O type However, 
bubbles of the two t 

m at room temperature 


lerived from the substage lamy 


bbles occupying over 60 percent 


shown to if the H.O 


} 
we ¢ 


shown to be of the H,O type 


d inclusions with bubbles 


relations! ip, mm lusions 


‘ ‘ 
bubb es oct upyit 


HO-CO 


o 
— 
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forms of H,O and H,O-CO, inclusions. They will be referred to as complex 
inclusions 

In a number of specimens of pegmatitic cassiterite, inclusions with ragged 
outlines were observed, which may be of this type, but because of the dark 
color of the cassiterite and the small size of the inclusions, it was not possible 
to determine whether they contained crystals. These are referred to in Tables 
I-V as complex( ?) inclusions 


It has not been possible to identify the contents of these inclusions, but 

the only likely interpretations are that they represent the entrapment of either 

a siliceous melt or an extremely highly concentrated water solution. They 

are similar to the inclusions observed by Smith (29) in garnet, which were 
: 


considered to indicate deposition from siliceous melts, and other examples have 


been observed in beryl (Smith, F. G., personal communication 


Solid Inclusions Inclusions consisting of solid material only are not 
common in cassiterite In a few cases small crystals of tourmaline were ob 
served, and some of the cassiterite from “limestone” deposits contains tremo 
lite Pegmatitic cassiterite may contain small crystals of a reddish brown 


mineral, which is tentatively identified as rutile 


Primary and Secondary Inclusions.—The distinction between inclusions 
were trapped at the time of crystal growth, and those that formed in cracks at 
some later time, is obviously of fundamental importance in the interpretation 
of inclusion data. In some cases this distinction can be made with assurance 
Inclusions not distributed in planes are probably primary, and those in planes 
that cross grain boundaries are obviously secondary. However inclusions 
commonly occur in planes that do not cross grain boundaries, and may be 
primary( having formed in growth or lineage planes), or secondary (since 
there is no necessity for a crack to cross a grain boundary 

Although almost all of the fluid inclusions observed in the present study 
are of the latter indefinite type, there are a number of reasons for believing 
that most are primary 

1. The inclusions that occur in planes, in almost all cases appear to be 
idemtical in size, shape, contents and filling temperature, to the inclusions that 
ire not distributed in planes, and are almost certainly primary 


2. The temperature of deposition range (300—500° ( indicated by tl 


- ! 


temperature measurements if the inclusions are assumed to be primary, 


c 


filling 


g 
1s geologically reasonable 

3. Most of the specimens are crystals that grew into open cavities, and 
ilthough this doe not elin inate the possibility ot cracks and Sect ndarv in 
clusions, the chances f this occurring are greatly reduced 

+. The general similarity in size, shape, distribution and filling tempera 
tures of all of the fluid inclusions observed in cassiterite and associated mi 
erals, suggests that with a few exceptions, they were all formed in the sa 
manner (i.e., the t i primar r all secondary except I 
rare tourmaline te cr fluid inclusions are the or type « 
inclusion observed in specimens from non-pegmatitic tin deposits. In vic 


vf the ease in wl rimary inclusions form in artificial minerals, it would 
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unlikely that in tin d ts primary inclusions never form, but 
idary ones are always present 

some specimens, however, planes of inclusions were observed, which 

gave filling temperatures considerably lower than the average for the speci 
men, and the general range found in the study as a whole, and these inclusions 
probably are secondary heir distribution is of interest—they are common 
in quartz and fluorite, are in cassiterite, wolframite, topaz and beryl, 
and were not observed in the specimens of spodumene and amblygonite. In 
order for secondary inclusions to form, the mineral must be soluble in the 
enclosed fluid to at leas ! xtent for the cavity to be sealed. As might 
be expected, the minerals that occur in a wide variety of types of mineral de 


posits (and are probably soluble under a wide range of conditions), contain 


these “secondary” inclusior nuch more commonly than minerals that occur 
only in restricted geological environments (and are probably only soluble under 
very restricted conditior 

In Tables I-I\ | 1 | cs I t inclu is that are not distributed 
in planes and are almo nly primary P(?)” refers to inclusions ir 
ywrobably prir a 7)” to planes of inclusions with ab 
normally lov ing temperatures, which are probably secondary, and “S” to 
inclusions in planes that ss grain boundaries and are undoubtedly secondary. 


SSION OF RESULTS 


Types of Inclusions and their Distribution.—The distribution of the dif 
ferent types of primary or apparently primary inclusions is shown in Table V 
In the distribution of inclusion types, there is a marked difference between 
nost pegmatitic cassiterite and cassiterite from other types of deposits Al 


though complex or complex inclusions were observed in seven out of 


TABLE \V 


ri 
lex lex 
lid«d 


Hea) H«) co ; 
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the ten specimens of pegmatitic cassiterite, and are the only type present in 
five cases, they were not found in any of the specimens from other types of 
deposits (Cornwall specimens 26, 28, 29 and 31 which have similar inclusions, 
are of quartz not related to the tin mineralization). H,O or H,O-CO, in- 
clusions are abundant in all specimens from Normal Vein, Limestone and 
Bolivian Volcanic deposits, but were observed only in five of the ten specimens 
of pegmatitic cassiterite, and in only one case could be termed abundant. The 
obvious conclusion to be made, is that most, but not all, pegmatitic tin deposits 
form from siliceous melts, but the other types (with the possible exception of 
the Mexican Volcanic deposits) form from water solutions, which on occasion 
contain substantial amounts of CO 

The similarity of the inclusions in the specimens from Normal Vein, Lime 
stone and Bolivian Volcanic deposits, suggests that these deposits were formed 
by essentially the same process. It would appear more likely that the min- 
eralogical differences between the Normal Tin Veins and the other types are 
a result of reactions between the mineralizing solutions and the host rock in 
the Limestone case, and of abnormally near surface conditions of deposition 
in the Bolivian Volcanic deposits, rather than a basic difference in the min- 
eralizing fluids 

The inclusion evidence gives little or no support to the application of the 
term “pneumatotytic” to tin deposits. With one exception, in specimens from 
Normal Vein, Limestone and Bolivian Volcanic deposits, H,O inclusions are 
either the only type present, or by far the most abundant type. In all cases 
the liquid in these inclusions expanded to fill the cavity at the filling tem- 
perature, which indicates that the inclusion formed from a fluid with a specific 
volume less than the critical volume, and which, as is discussed by Smith (30), 
would have the properties of a liquid rather than a gas regardless of whether 
the temperature at the time of formation was above or below the critical tem 
perature. In view of this, these deposits are more properly classified as “hy 
drothermal” than “pneumatolytic,” if the terms are used in the manner sug- 
gested by Smith et al. (33). The same argument applies to the pegmatite 
deposits in which the minerals contain primary H,O inclusions. Only one 
possible exception was found. In cassiterite specimen 48, from Graupen, 
Erzgebirge, only H,O-CO, inclusions are present, and in these the bubbles, 
which consist of CO, gas at room temperature, expand to fill the cavities at 
the filling temperature. Even in this case, however, the argument for “pneu- 
matolysis” is not conclusive, since a solution of CO, gas and liquid water 
would not necessarily have gaseous rather than liquid properties 

The Mexican Volcanic class of deposits may be truly “pneumatolylic” 
however, since there is no inclusion evidence to the contrary, and the minera 
lence is strongly suggestive 


logical evi f formation under fumarolic conditions 


Filling Temperature Measurements.—The filling temperatures of H,O-CO 
inclusions generally have a different significance from those of HO inclusions 
In the H,O-CO, case the “filling” is a matter of mutual solubility in the two 
component system H.O-CQO,, while with H,O inclusions the question is usually 


one of simple liquid-vapour relationships in a one component system Be 
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if 


if 


generalization that filling temperature measure 


erature of formation (to which a pressure correc 


tion must be added), which is normally applicable to H,O inclusions, is com 
monly not justified in the H,O-CO, case 

With H,O-CO, inclusions, as is discussed by Smith and Little (35), a 
distinction has to be made between minerals that were formed in the presence 


of only H,O-( () phase i 


d those which were formed under conditions of 


H,O-CO, immiscibility, in which both a H,O rich and a CO, rich phase was 
present In the one phase case, as with most H,O inclusions, the filling tem 
peratures will be below the temperature of formation (except in the highly 
unlikely situation where the H.O-CO, solution was at its exact saturation 
point Where two phases were present, however, inclusions that trap either 
phase will have filling temperatures equal to the temperature of formation 
(with a small, and as shown by Ingerson (14), negligible correction resulting 
from the compressibility of the host mineral), but those that trap a mixture of 
the two phases will have filling temperatures above the temperature of forma 
tior The distinction between the one-phase and two-phase conditions of 
formation should normally be a simple matter. If the primary inclusions in 
a specimen show a relatively constant H,O: CO, ratio, the one-phase situatior 
is indicated ; if the H,O: CO, ratio is highly variable immiscibility was prob 
ably the case 
In the present stud 1 two of the specimens examined meet the re 
iirements of formation in a one-phase H,O-CO, system. In these speci 
mens, only H.O-CO, inclusions were observed, and the H.O:CO., ratio in 
the inclusions, as indicated by the relative size of the CO, bubble at room 
temperature, is constant throughout the specimen. Filling temperatures, as 
given by the heating stage, are as follow 
TABLE VI 
F IL LIne TEMPER URE MEASUREMENTS ON SPECIMENS ( TAI 
On.ty H«)-CO:; INCLUSIONS 
F illing N 
- 2 M al Lex emperature ' 
ie t estedt 
Pegmatite 22 Be Malay 334-358 9 
T Vein 48 Cassiterite Erzgebirge 361-367 11 
With these specimens the ing temperatures can be taken as minimum tem 
peratures of formation, which are subject to a positive correction for pressure, 
but since no quantitative data are available on P-V-T relations in the system 
H.,O-CO, in the temperature-range in question, it is not possible to make any 
estimate of the probable magnitude of this correction 
In all of the other specimens in which H,O-CO, or H,O-CO,(?) in 
clusions were observed, they are accompanied by much more abundant “H,O” 
type inclusions showing t ne general size, shape and distributior Tl 


f 














TABLE VII 


TEMPERATURE MEASUREMENTS ON SPECIMEN 
Botu HO ann H:O-CO; INCLUSIONS 


Pegmatite it lava ) ; 366 
Normal Vein ] t ! 428 398 
Normal Vein ) i : ong 58.374 378 
Normal Vein ; : , 2 3RGH 344-350 
Normal Vein o | ng ; 323 342-276 
Normal Veir man 290 344 
Normal Vein j it lgia ongo 252 S? 315-375 
524 
Norm in 5 , i olivi 387 ; HOco 
398 HO-coO 
Norm: ! t rnv 381 ; HO-CO 
429 HA)-CO 
Norm: Dp Erzgebirge 295 HO-CO 
Norm 5 i Erzgebirge 343 H«Adr-CO 
Norm: ’ " Belgian Congo 360 HO-co 
Norms Belgian Congo 353 H<O-CO 
Norm: Tasmania 300 H.O-CO: 


filling temperatures of the inclusions in thes specimens, as measured with 
the heating stage, are given in Table VII 

g 
by the contraction of the bubble until it disappeared ll of the H,O-CO 
inclusions that were tested, however, filled by the expansion of the bubble 


With the “H,O” inclusions in these specimens, filling occurred in all cases 


until it filled the cavity For inclusions with such dissimilar characteristics 
to show nearly identical filling temperatures, as is the case in the first four 
specimens, 23, 47, 67 and 8&3, the o1 


likely explanation is that these minerals 


were formed in two-phase H.O-CO, systems, and the two types of inclusions 


represent the H,O and CO, rich phases of these systems If this is accepted, 


the filling temperature measurements should represent the temperatures of 
formation of the minerals almost exactly The same argument probably 
applies to specimens 61 and 110, in which the filling temperatures of 
types of inclusions fairly similar. | the differences (which are | 

the variations sl 1 by th inclusions in some of the other specimens 


1 


an be easily explained by small vz 10 n temperature during the formatior 
of the minerals, or if tl inclusions contain a mixture of the two 
phases present at tl I format i r than only the CQO, rich one 
In none of th SI is it po to demonstrate that the “HO” 
Seen _ — 1 — £ ot 
imciusions conta \ nh wo nat to be the case if they represent 
H.O-CO., system It was hoped tha 


mMiuce observabie amounts of an addi 


ot { the case However 

















, ‘ ‘ It generally o1 ipplicable if the 
ration of CU ficiently high for observable amounts of liquid CO 
€ present at . pre tne con ny, ind there mo ne« sitv that the 
olubility of CO, in water solutions, at the temperatures and pressures under 
which the minerals formed, is sufficiently high to give this concentratiot With 
ver CO, concentrat eve olid CO rmed by sublimation from CO 
vas present in the hle « ; WhOl ; would o ur helow the freezing 
point of the iter lution 1 t would bx t unlike that the presence ol 
lid CO, « the s é th d be recognize On the whole, the 
sitive evidence tor em give the similarity of the filling 
temper res Of the \ types ¢ ™ $101 would appear t e much more 
I c n the neg ce the ng tests 
a F For cassiterite spe 2 ditior evidence for a two-p e system Is 
pr ded tl clusior n beryl specimen 22 from the me deposit Phe 
eT ntaine « H.O-CO ncelusions that have CQO. bubbles « cupying 
+7 percent the t t ro temperature, and filling in all cases occurred 
the tractor the CQO, bubble until it disappeared The cassiterite 
| vever. contains “H.O m ns. witl bubbles occupying 10) percent of their 
ivities : ind H.O-CO 1! lust Ns, witl ( () bubbles varying tron 55 te Mt) 
percent of the volume of the cavity \s was mentioned above, the “HO 
isions filled by the contraction of the bubble until it disappeared, but wit! 
the 1 ¢()-€ 0). inelu . y the expansion of the CO. bubble until it filled the 
t Phe o1 reasol e explanation for the differences between the it 
‘ 1 n thes VO r 1! 1 that the berv] formed it 1 one pl e HO 
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TEMPERATURE MEASUREMENTS ON SPECIMENS CONT 


Onty He) INCLUSIONS 


Spodumene Belgian Congo 220 
Amblygonite Belgian Congo 305 
( assiterite Bolivia 336 
Fluorite Cornwall 240 
391 
Cassiterite Cornwall 388 
454 
( asesiteri Erzgebirge 401 
Cassiter Spain 308 
Cassiteri Portugal 280 
(Cassiteri Belgian Congo 184 
334 
Cassiter Belgian Congo 270 
Belgian Congo 236 
Belgian Congo 405 
Belgian Congo $81 
Belgian Congo 289 
Belgian Congo 348 
Belgian Congo 160 
Belgian Congo 387 
Belgian Congo 349 
Belgian Congo 280 
Belgian Congo 344 
Billiton 184 

Billiton 224-232 
Billiton 80 

Tasman 248-268 

394-416 

Tasmania 145-151 

Tasmania 146-154 
Tasmania 291 

Alaska 334-344 


Liallagna 376-382 


Liallagna 330-360 
Lilallagna 394-406 
Liallagna 295- wl 


time of formatior Although the “pressure corrections” cannot be calculated 
without accurate information on the pressure of formation, the chemical com 
position of the solutio in the inclusions, and quantitative P-V-T data on 
such solutions (none of which available), a fairly reliable estimate of the 
probable range of rrectio an be made, and is given in Table IX 


The depths of for 101 ven in this table are very approximate, but 


would appear to b logical! asonable. The pegmatites are mostly in 


reas of high regional metamorphism, which is suggestive of a deep-seated 
origin The Normal Vein and Limestone deposits are commonly in areas of 
fairly low regional 1 morphism, and their vuggy nature, and short vertical 


extent point to fai hall depths of formation. Shallower depths could 
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be expected for the Bolivian Volcanic deposits, because of their lack of asso 
ciated granites and extreme mineralogical zoning. The pressure figures are 
the rock load equivalents of the depths of formation given by Smith (30a) 
P-\V-T data for pure water (16) were used in calculating the corrections for 
pressure, the assumption being made that for a given pressure of formation, 
the correction applicable to an inclusion containing a water solution of un 
known composition, will be the same as the correction that is calculated for a 
hypothetical inclusion containing pure water but having the same volume of 
cavity : volume of liquid ratio (i.¢., approximately the same specific volume ) 
[The maximum and minimum correction figures result from combining the 
maximum and minimum cavity: liquid ratios of observed inclusions with the 


maximum and minimum pressure figures 


TABLE IX 


RANGE OF PRESSURE CORRECTIONS, FOR FILLING TEMPERATURE MEASUREMENTS ON 
SPECIMENS CONTAINING ONLY HO INCLUSIONS 


Pegmatite 1,700-4,250 | 100-300 
Normal Vein, Limestone 800-1,700 5 60-130 
Bolivian Volcani 250-800 | 5-1 10-70 


\pplying these pressure corrections to the filling temperatures given in 
lable VIII, gives temperatures of formation which are mostly in the 300 
500° C range. This result is independent of whether the maximum or mini 
mum pressure corrections are used, and also would not be changed if the 
figures for these corrections are as much as 50 percent in error. Cassiterite 
specimen 40, from Cornwall, appears to have formed at a temperature above 
500° C, and this may be the case with a number of other specimens if relatively 
large pressure corrections are applicable. There are no clear cut examples 
of tin mineralization occurring at temperatures below 300° ( Although a 
filling temperature of 160° C was obtained from cassiterite specimen 80, from 
the Belgian Congo, this value is very questionable, since only one inclusion 
was tested, and the estimated filling temperatures of other inclusions in the 
specimen are considerably higher. Cassiterite specimen 98 and quartz speci 
men 99, from the Klappa Kampit Mine, Billiton, gave fairly low filling tem 
peratures (189 + 5 and 228 + 4° C), but the exceptional depth continuity of 
this deposit suggests that it may have formed at a greater depth than is usual 
for Normal Tin Veins, and abnormally large pressure corrections may be 
applicable. Scheelite specimen 111 and fluorite specimen 112 from the Aber 


foyle Mine, Tasmania, gave filling temperatures of approximately 150° C 


a 
| 
ty 


but these minerals probably represent a late stage of the mineralization since 
cassiterite (specimen 110) and quartz (specimen 113) from the same deposit 
gave filling temperatures of 285 and 291° C, and the calculated filling tempera 


for the inclusions in wolframite (specimen 113) is 280 + 30° ( The 
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une explanation probably applies to the w (i filling temperature 


obtained from Billiton fluorite specimen no. 100 


Che use of filling temperature measurements on fluid inclusions in 


vcd 
— 


thermometry carries the inherent assumption that there has been no significant 
leakage of fluid, either into or out of the inclusions, since they were formed 


\ idely diffe rent views have been expressed on the validity of this assump 
tion (17, 33, 25, 32, 21), 


experimental work carried out to investigate this 
problem (25, 21) has produced conflicting results, and there are conflicting 


opinions as to how the experimental results should be interpreted in terms of 


geological conditions 

In the present study, no evidence was found for the leakage of inclusions, 
and in general the results suggest that it rarely, if ever, occurs. The cases in 
which both H,O and H,O-CO, inclusions, having nearly identical filling tem 
peratures, were found in the same specimen, are almost impossible to explain 
it leakage has taken place Because of the very large difference between the 


contents of the two inclusion types, they would have to leak to a considerably 


different degree for the identity of the filling temperatures to be maintained 


or produced, and it would seem to be a remarkable coincidence that this dif 
ferential leakage should occur in just the exact amount necessary to give filling 
temperature identity The general similarity of the filling temperatures 


obtained from all the specimens of cassiterite and associated minerals, suggests 


that either leakage always occurs (which seems unlikely is rarely at 


important 
Kennedy, 01 f the main exponents of inclusion leakage, has suggested 


(17) that the only practical way to tell whether or not it has occurred, is to 
decide whether or not the temperatures of formation obtained from filling 


temperature measurements are geologically reasonable If this 


criteria 15 
accepted, the results of the present stue 


importance of leakage \ temperature of formation range of 300—500° ( 


ly provide strong evidence against the 


fits in with generally accepted ideas that tin mineralization is restricted t 


high temperatures (as is indicated by the close proximity of most tin deposits 
to granite bodies, and the presence of skarn type silicates in most (if not all 

tin deposits in limestone) with an upper limit of approximately 600° (set by 
low to high quartz relationships and Goranson’s (6) experimental data on the 


melting point of granite 
] 


Chemistry of Tin Transportation Although chemical analysis of the cot 
tents of primary inclusions, which provides a direct method for studying the 
chemistry of tin transportation, was beyond the scope of the present study, 
some of the observations of a more general nature can be used to assess 
methods of transportation that have been proposed 

Che suggestion by Daubrée (4) that tin is transported in the gaseous state 
as SnCl, or SnF,, has | wide acceptance, and is supported by the common 
occurrence of fluorine bearing minerals in tin deposits, and by experimental 
work ot lat ville (40 


sit 


who produced artificial cassiterite from 
been demonstrated that SnCl, or SnF, are 


r conditions that are geologically likely 





s particularly 


the Bolivian 


issiterite 


iterite « 
100 49? 


mh occurs 
as OOO” { 
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SULFUR ISOTOPE FRACTIONATION IN SULFIDE 
MINERALIZATION 


GAVELIN, A. PARWEI AND R. RYHAGI 








rhe isotopic compositions of sulfides and sulfates from various type 
of sulfide formations have been determined \ description of the prepara 
tion of sulfurous minerals for 1 s-spectrometric analysis and of the 
mas pectrometri procedure 1 vIiVvel 

he results agree ir everal respects with previous investigations 
Various sulfides representing a continuous mineralization process display 
no gnificant diverge ies if the early ind the late minerals are cor 
pares Nor does the material examined indicate anv correlation betweet 
sot c cf pe tio ind zor ement ¢ minerals am etal ou 
e1 nat e centers nm « ere ic] zoning 1 c ences by the re 
gional geological feature \ tain correlation between ku ‘ va 
rock al otopic composition be indicate If considerable iria 
tior ot otopr\ om tio ‘ ut t exist in n ore strict, the 
range o ition seé¢ ‘ t ‘ the low-tempe ture thar the 
high-temperature su ‘ 

Supergene o tior r t iltate take thout change 
In 1sotoy ( posit \ ibseque t rede] tior ergene , ¢ 
may involve a displacement of the isotope ratios towards lighter sulfur 

Hypogene sul fie e mineralization where both sul ticle : 1 vuilates are 
formed ipt to cause icant tractionation of the original isotopi 
composition of the participant sulfur Local variations indicate that the 
process may develop differently over short distances lhe local character 
ot some isotope exchange reactions is evidenced for instance bv consider 
able variation in the isotope ratios even in a single hand specimet Phe 
range of such variations is generally found to be wider in low-ten Der 
ture than in high-temperature eral p ages 


INTRODUCTION 


[He fact that sulfur from various sources in nature exhibits slight variations 
in isotopic composition has in recent years given rise to extensive research 
work. In this connection the relative abundances of sulfur isotopes in various 
sulfide ore deposits have also been studied in order to elucidate their genesis 
In the present paper some results are presented that might be of more general 
interest in this respect Chey form part of a broader investigation started 
some years ago in which the material was partly chosen to permit examination 


of the sulfur is pe composition 1 Swedisl sulfide ores and partly for the 


study of such factor whether supergene oxidation and re-deposition of 
sulfides or zoning n be correlated with any kind of significant isotope fra 


tionatior 


Up to now sé A) mples have CCT) analyzed The preparation of 


the sulfides for 1 trometric analyses was performed at the Mineralogi 
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cal Department of the Swedish Museum of Natural History, Stockholm, 
under the guidance of A. Parwel. The mass-spectrometric measurements 
were carried out at the Cher il Department, Karolinska Institutet. Stock 
holm, by R Ryhage 

Chemical Preparation of the Sampl Sulfur dioxide was used for the 
mass-spectrometric measurements Because the chemical preparations were 
made in one laboratory and the mass-spectrometric measurements in another, 
situated elsewhere in Stockholm, it was in perative to have a simple reliable 
method to prepare sulfur dioxide in the mass-spectrometric laboratory 

The procedure finally selected consisted of quantitatively converting the 
sulfur of all samples into CdS, which intimately mixed with V,O, in the 


molecular proportions 1:3 w heated to 600° C, giving 95-96 percent of 
the lfur present as SO) he reasot r choosing CdS are: CdS and 2nS 
ire both particularly resistant 1 <idation when precipitated from a solution, 
the former being more resistant than the latter; it is also easier to precipitate 
und filter V.0. w chose oxidizing agent because it gave the most 
satisfactory results and it easy to keep in stock in large quantities. TI 
e1 res the s e ( ore eT y periods time tor sultur sotope deter 
’ ] ne 
\ cadmium sulfide of “purum” qualit s used as an internal standard 
After drving at 400° C in an oxvgen-free stream of nitrogen it contained 
9 1° { ~ 
Commercial V.©). alwa contains CO,, nitrogen compounds, commonly 
chlorine compounds, and small amounts of SO The V,O, used was purified 
therefore by heating it for about 75 hours at 620-640° C, in order to drive 
ff all gaseous compout! 1 CO., NO, Cl, SO,, ete . that may be liberated 
at 600° ( The product was still in powder form and was tested mass-spet 
trometrically Small amounts of CO, and NO without importance tor the 
measurements were detected but sulfur was no longer detectable 


In the preparation of CdS the first step was to convert the sulfur-con 


taining material int uitable sulfide. Sulfates, as for example BaSQ,, 
were well mixed with an excess of carbonyl iron (contains about 0.003% S 
and zinc powder. The latter was used in order to accelerate the reducing 
reaction ; alone it is unsuitable as the reaction proceeds too rapidly \ mix 
ture of 5 10°? mol of sulfate with 4.5 gm carbonyl iron and 0.5 gm of zin 
powder was used in the first stage { a preparation The mixture was pla ed 
in a porcelain crucible and ered with a carbony! iron layer. The crucible, 
covered with a lid wv heated with a blaster for 30 mit For BaSO, the 
temperature was kept t t 950° C, for SrSO, at about 820° ¢ and for 
CaSO. at ab 750° ( 
Samples containit ; nd r elements or only sma unt 
r were « () nad the ' ' is precipitated BRaSQ) 
yl } i treat pr t ng elemental sulf pyrite 
nail as att ros ante tn = mass reciie 
(M)” ¢ r t 
he . evet at aenae thee 4 laf 
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replaced by blowing oxygen-free hydrogen through the apparatus for about 
60 minutes. Hydrochloric acid (10%) was added and the liberated H,S 
absorbed in two absorption flasks. In the first flask 300 ml of a solution was 
placed containing 5% HCOOH and 0.75% Cd(HCOO),. In the second 
flask there were 75 ml of 1.5% neutral Cd( HCOO), solution. The second 
absorption flask was used in order to ensure complete absorption of H,S. The 
temperature in the first flask was kept at 95-100° C during the process in 
order to obtain CdS in as crystalline a condition as possible. When the re- 
action was complete, all H,S was blown into the absorption flask by means 
of hydrogen. The content of the second absorption flask was poured into 
the first flask and then filtered through a Jena G4 glass filter. The CdS was 
washed 7 times with a 3% HCOOH solution, 3 times with 95% C,H,OH, 
and then dried at 100-110° C. The dry CdS was pulverized and dried once 
more in an oxygen-free nitrogen stream at 400-425° C. It was necessary to 
drv at 400° C in order to decompose possible Cd(HCoo and CdCO. (de 
composition temperature 358° C) present 

For the measurement in the mass spectrometer 1 part CdS and 4 parts 
VO, were mixed ; 0.1 gm of this mixture was placed in a tube of pyrex glass 
about 150 mm in length and 10 mm in diameter and fitted with standard 
joints This tube was connected directly to the mass spectrometer and then 
heated continuously with a bunsen flame to about 600° C. Liberated SO 
was used in the determination of the sulfur isotopes 

Mass Spectrometer Measurements. The mass spectrometer used was a 
180° type instrument (21 By using the double collector and the null 
method, described by Nier (12), the measurement were carried out on the 
SO,*-ions with mass numbers 64 and 66 

The pressure of SO, gas in the intake system was regulated so that the 
m/e = 64 ion current gave an output voltage on the d.c. amplifier of about 
20 volts 

A galvanometer served as balance indicator; in the sensitivity range used 


0.05 percent of the M66/M64 ratio of standard SO, corresponds to a 5 mm 


galvanometer deflection. By using the double collector method alternately 


on the standard gas and on samples, any changes relative to the standard 
gas in the abundance of the samples were determinable. 

The precision of the instrument, when used on isotopic abundances of SO,, 
is about + 1%, \bout 10 minutes was needed to analyze one sample. Iso- 
topic fractionation of the heated samples did not occur. This was determined 
by repeating the heating and measuring procedure three times for some 
samples. In these cases the isotopic abundances were not found to change 


PREVIOUS WORK AND SOME GENERAL CONSIDERATIONS 


A Canadian research group [Macnamara (9, 10, 11), Szabo (15), Thode 
(16, 17, 18, 19 fudge (20) and others] was first to show that significant 
variations of isotoy position do exist in natural sulfur of various origins 
hey were also able to demonstrate that the variations found empirically 


were in agreement wit! that could be expected from calculated equilib 
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rium constants for certain isotopic exchange reactions that can be assumed 
to play a part in geologic: rocesses. Particularly processes involving the 
oxidation-reduction of ympounds were found to represent a mechanism 
by which fractionation of t sulfur isotopes may take place in nature 

The Canadian group presented several determinations on sulfur from 
various ore deposits but it did not enter into details on the bearing of sulfur 
isotope fractionation to genetic problems of sulfide ores. These problems 
have subsequently been discussed by several authors, for instance, Kulp, 
Ault, and Feely (8), Bateman and Jensen (2), Jensen (7), Vinogradow, 
Cupachin, and Grinenko (22), and Sakai (14 In several of these articles 
surface oxidation-reduction processes of sulfur compounds were tentatively 
postulated as an explar ation of variations in tsotopic compositions in the 
material examined Although this is probably not the only mechanism by 
which significant isotope fractionation can be realized in nature, the results 
presented by the Canadian group suggest the matter to be worth close at 
tentior Oxidation-reduction reactions certainly also take place in many 
geological processes at higher temperatures but for the problem in considera 
tion it is important to remember that isotope fractionation is much less at 
high than at low temperatures Tudge and Thode (20 worked out the 
equilibrium constants of several reactions at 0° and 25° C and recently Sakai 
(14) extended the calculations to cover a range of temperature from 0 to 
1,000° ( From Sakai’s diagram it is clear that if the exchange reactions 
calculated by him are actually realized, the fractionation of the sulfur is 
must be more extensive under exogenic than under magmatic and 


thermal conditions. This fact would offer a chance of tracing 


ed | 


rior ¢ 


| 
processes in material that has subsequently passed through stages of 


temperature transformations n a later paragraph this problem will | 
cussed further with regard me of the results presented in the 
paper 


PRESENTATION HE ANALYSES OF THE PRESENT INVESTIGATIONS 


The results were calculated as “te -deviation (8) from a standard (in this 
| ling to the formula 


sample SS” (standard 


x 1.000 
S*/S*” (standard 


Material of sulfid rom Sudbury, Ontario, made it possible to cali 
brate our standard \ t] the Canadian research group. According to 


information fron oO r, their meteorite standard is assumed to be 
>” /S™ = 22.249, and nickel sulfide standard used for calibration it 
is $*/S* = 22.205 in the present article are given as the 
de 


viations fron - I rt mK ot the ( anadian re searcl group and 
ire, therefore omparab ill publisl ed ulfur isotopic studie The 
anadian nickel sulfide stand 

with a standard devia 


\ 


lyses, where several 
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determinations on the same sulfide mineral in a sample were performed, indi 

cates that the results can be reproduced with a standard deviation of + 0.7 

0.8%, when only one analysis is performed on a sample Several samples, 

especially se displ uliar or unexpected values, were checked by 
re must have a higher degree of precision 

to be considered in the present paper is given 

grouped as answers to the following questions 

significs variations in the isotopic composition of sulfur 

representing various stages of sulfide precipitation in a contin 

uous mineralization process 2. Does any correlation exist between the 

spatial zonal distribution of is metals occurring in many ore districts 

and isotopic composition of sulfur from these same metal zones? 3. Does 

any isotope fractionation of su ur when sulfide minerals are oxidized 

and when new sulfides are precipitated in connection with weathering? 

+. Do co-existing “primary” sulfide-sulfate minerals in ore veins indicate any 

isotopic fractionation during hypogene 1 ilization 5. How are consider 

able variations in isotopic compositi f sulfur from sulfides within a very 

small amount of m: | ri 1 in one hand specimen) to be inter 

preted Some of 101 already been considered by the 

authors cited above and the results of the present paper may therefore in some 


cases serve mainly a lement to the empirical data on the subject 


LFUR FROM VARIOUS STAGES IN A 
MINERALIZATION 


[wo Swedis] »d ; were chosen to represent this part 
f the inves n, B ‘alun, the geology of which have been de 


scribed by O ‘ l 5 In both these deposits the main 


wre bodies form fairl a s of pyrite with subordinate quantities 
of pyrrhotite opyri alcopyrite, sphalerite and galena In both 


1 


cases the sulfide mi lizatio associated with an intense alteration of the 
wall rocks (11 liden mat quartz-sericite- and/or chlorite-schists, in Falun 
cordierite-anthophyllite-quartz-schists and skarn rocks Odman in his study 

the Boliden deposit was to establish that the sulfide mineralization 


tool plac 1 ] stages ; the first characterized by the formation of dens¢ 


masses of arsenopvri the second by a multitude of complex minerals con 


taining antimor : ium, tellurium, bismuth and gold, commonly asso 


ciated d lamprophyre dikes; the third stage 


compri formati if pyrite In all three stages certain 
amour of py te, chaleopyrit alerite and galena were also formed 
2 and 3 One of 
ilso the pyrrhotite specimen analyzed cannot be 


(under n.d. in Fig. 1 The range of 


» 


d by the numbers 1, 


vers only about and no difference 
betweet ilfur f t! 1 iv of mineralization can be discerned 
The seven valu t enting irious sulfide minerals from Falun show 


ipproximately tl iations. They certainly represent a fairly wide 








GAVELIN, PARWEL, AND RYHAGI 


rABLE 1 


SULFIDES AND SULFATES FROM THE BOLIDEN AND FALUN MINES, SWE! 


Boliden Mine Dense compact arsenopyrite ore 
first stage of mineralization 
Boliden Mine Dense compact arsenopyrite ore 
from the same first stage of mineralization 
pecimen as n« 
16 
Mine lense compact arsenopyrite ore 


first stage of miner tion 
Mir (Juartz-tourmaline 
of mineralization 
Min Quartz-tourmalin 
f mineralization 
Mine Compact pyrite 


Compact pyrrhotit 
is regards stage 
(Compact pyrite ore 


( ompact pyrite ore w 
Compact pyrite ore 
Compact pyrite ore with « 
from the same specimen 
Compact pyrite-sphalerit« 
Compact pyrite-sphalerite 
(ompact pyrite-sp! ilerite 
In lime-silicate rocks 
Weathering coatings’ on ors 


Stalaktites” in ore tunnel 


range of crystallization temperature, pyrite being the first, and galena the last 


—_ 


sulfide to « allize during mineralization Consequently it can be stated 


that no significant sulfur isot actionation occurred during the mineraliza 


tion process 1 tw np! } ed 


R ISOTOPE COMPOSITION 


nd metals around emanative centers 

listricts Though there still exists a 

the ultimate cause of this phenomena 

is concerned it mus regarded as a fact proved by experience. For ar 
examination of at ial correlation between mineral zones in that respect 
and isotope composition « lfides the Cornwall district was choset The 
geology of this istrict rdly needs any particular presentation in this 
connection—a comprehensi mograph of the various deposits was recently 


published by Dines (3 ilso gives a survey of previous publications 
1; 


on the district Sta ind wolframite form characteristic minerals of the 





ONATION 517 

closest to the emanative center; first copper sulfides and arsenopyrite 

outwards, then sphalerite and galena and finally antimonite. The first 

is divided by Dines into three groups, represent- 

veins characterized as high temperature, intermediate temperature, and 
consideration o 

ore dist d since the 


of specimens examined wz 


temperature formatiot In f the experience from the 
veins of the Cornwall district are 
very 


well-defined mineralization in space 


sulfur isotope composition would dis 
ll variations results as presented in 


sma Table 2 and Figure 
of variation being re 
markably wide 


, . en 2 > 
\ me value, 8 30.38 (3°/S* = BAI 
been excluded ‘ 


l are therefore surprising 1 lis respect, the range 


has 
a specimen with colloform sphal 
erite, wl icl 


somewhat different conditions as 





Callington 


Tavistock Distr 


Chalcopvrite 
sphalerite 
The same specimen as no 


157a 


compared with the other sulfides from the Cornwall region. The sulfur of 
this sphalerite has the highest 


ratio of sulfur from natural sources yet 
reported in the literature 


In Table 2 the specimens analyzed are grouped with respect to the mining 
onograph of Dines (op. cit.) and in the same 
order as § Vy im, 1 S } nail 


districts 


from south-west towards the east and 


the nortl ‘igu he analyses are grouped with respect to the sulfide 
mineral examined ileri samples have been divided into several 
groups wi iron content—in the table denoted 
4 ir iron-rich sphalerite 

ired (Fig. 1) it is seen that there 


nt difference between various mineral species 


The material examined, at least, 


ng sig! ificar t diffe rences betweet 


therefore, the wide ran 
variation thin t tir tel fro vall District cannot 
been cau in the various sul 
species variation is particularly 
wach | 


ired with the other sul 
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represent the inner parts of the Devonian rock complex The samples from 
the Carboniferous by light sulfur. In the 
sequence and the Devonian rock 


portion of the Cornwall peninsula are mat 


areas are characterized 


areas be 
tween the Carboniferous 


ks of the western 
y intermediate values; there are, 


Bristol Channe; 
27 
ae 


CKMKLL<LER 
4s 


= ‘ 
yo ~~) 


| 
Channe! 


30 25 20 15 30 Miles 
Reuflioll 





Fic. 2. Gee 
samples analyzed figures re designation numbers of the 
1. Devonian; 2. Carboniferous: 3 


2 Granite; 5. Basic intrusions 


ornwall District and positio 


however, great variations towards both the heavy-sulfur and the light-sulfur 
side of the range of variation characteristic of the entire material from the 
Cornwall area Phe significance of these results will be discussed 


in a later 
section of this paper 
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FIDE DEPOSITS 


presented in Table 4 and 

demonstrate the variation of the 

sulfides. The primary sulfides 

figure 1, sulfides formed by exogene oxidation 
Bisbee, anglesite, grown on galena crystals, 

r iron-sulfates (“vitriol”) from 

sulfate values do not display 

oxidation in these cases must 

sults are in full agreement with 

The specimens from Bisbee and 


Sardinia : lections the Mineralogical Institute, University of 


Stockholm. and sent author has no personal experience of their field 
relations he field ita of the Falun mine, however, are well-known to 


TABLE 4 


SULFATES AND SULFIDES FORMED BY 


IDATION OF PRIMARY SULFIDES 


present case The mine has 

walls of the open pits have col 

Masses of large blocks still 

This means that thes upper 

aereated water and the remaining sulfides 
oxidation. As a measure of the rate of 


of the specimens analyzed is from a 


‘ 


in length, which was found in a tunnel 


column C, Figure 1, represent supergene 

only slightly from the “primary” sulfides, 
accordance with theoretical considerations 
pergene sulfides 1 ight be expected if the sulfur 
with the same S S** ratio as the source 
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ulficle col tribute to their isotopic col | For if it really comes 


an exchans 1 between these sul nd sulfides and/or 


isotope fractionati the new sulfides must be enriched in S** as compared 
with the sulfates \ pre-requisite for such a process would be that oxidation 
reduction isotopic exchange could be realized below the zone of oxidation 
proper. However, the dissimilarities between primary and secondary sul 
fides in the material from Bisbee are too simaii to be taken as a definite indi 


cation ¢ i! h a process 


Co-existing Sulfides and Sulfate f Hypogene Origin.—In several of the 
earlier publications on sulfur isotope fractionation it was shown that vein de 
posits containing both primary sulfides and sulfates are characterized by an 


enrichment of S** in the sulfates as compared with the sulfides In the pri 
ling for the present investigation two samples were taken in order 

lable 5, and Falun, Figure 1, column III (the value under P, 

id Table 1. The Durham sample was taken from the mineral 

collections of the Mineralogical Institute of Stockholm, and probably repre 


sents a barite vein with subordinate amounts of galena, belonging to a system 


his relationship between sulfide and sulfate, Durham, Figure 1, 


issociated with basic intrusions in the Carboniferous sediments of 


northern England In both cases an enrichment of S** in the sulfate as con 


pared with the sulfide is found to exist 
Sakai (14) pointed ou at since the isotope fractionation is dependent on 
temperature tl ichn ctor in co-existing sulfide and sulfate could be 


taken a vided that isotope equilibrium had beet 


It i way lificult to make reliable statements as to a pre 
but still the possibility of temperature 


realizes 


existence 


estimati« r instance, it seems reasonable from a 
a veins were formed at lower tempera 


therefore account for the different 


nating the temperatures of formation, 
sitions 1 -existing sulfide and sulfate clearly show 
between sulfide and sulfate phases does occur under 


Therefore, if in a certain sulfide ore district condi 

1 may not be realized, such diver 

account for considerable variations in the isotope composi 
lf 


rence l 
tions of ilfides of the district, provided the amount of sulfate 


sufficient to cat able concentration of the total number of 
iscertain whether such ideas can be supported 
‘ in co-existing sulfates and sulfides | 
samples were analyzed from various deposits, similar with respect to sulfide 

mineralization, but di ing in content of sulfates 

The Skelleft trict in northern Sweden is characterized by hydrothermal 
sulfide ore deposits of a type similar to the Boliden and Falun ores, which 
have been character regard to their geological features in a previous 
paragraph [see als |. It was also stated that the sulfur isotope 


composition of variot ulfid from the Boliden mine (Skellefte District 





ly sligl 
| 


wide 


were Tou 


t\ ' 
wee! 


SOM wl 


‘ 
‘ 


areas in 


variatior 
1 

from 1 

nd te il 
fel { 


at 


‘ 
} 


i 


he homogeneity of the sulfur isotope compo 
Thirty one 
20-50 


23 of these values 


e entire district is quite remarkable 

covering a belt 100 km long and 
1.0 and 
1 38 fa 


cle posits, 


etween 6 a 


two additional values of a 


ili¢ 


lifferent from the others, are also included the upper 
‘atior 


would be + 2.2 


f the ores from the Skellefte 


District 
that ot 


average con 


however, namely 
Thus, the 


\sen was con puted to be 8 


one case, 
ssential constituent 
ore bodies from 


the 


nposition 


(sen ¢ a mineralized zone 


| 
I] 


ir it re within 
rocks does 


the 


and the wa 
st 


isotoprK con position 


of the 


when « 


ores 


ires mpared with ot other 


mi 
bod ubordinate 


The 


as been determined, both sulfide 


yrite ore ics W 


t, namely | 
sericite-quartz schists 


1 


drill holes 


I 
h 


The results are presented im Table 


TABLE 5 


AND SULFATES FROM THE SAME L« 


M 
M 


asive barit 


npregnation 
Pyrite 
Maasive t 

mpregn 
} 


ore wit! 
yarite 
ation 
ssive barite 
pregnatio 
men 


10. 31.9-3 
"6. 34.5-36.3 1 
26.4-26.7 
2.35 


4-52.5 


pyrite ore 


ore 


pyrite 
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5 and in Figure 1, column IV. Two of the drill hole sequences are repre 
sented by two san ple s each; the analyses from the same section are united 
by unbroken lines The two unbroken horizontal lines in column IV, Figure 
1, denote the range of variation of the “typical” sulfide ores of the Skellefte 
District, the broken line indicates the upper limit of this range if two addi 
tional values representing the more special ore type mentioned above are also 


considered 


A conspicuous fractionation of the isotopes between sulfate sulfur and 


aAliti 
sulfide sulfur in most of the specimens is clearly indicated In addition, 
two points of particular interest are: 1. The majority of the sulfide values 
are definitely enriched in the lighter isotope as compared with sulfides 
from the other ores of the Skellefte District : 2 The range of variation of 
sulfide sulfur is approximately five times wider in the Asen ore field as com 
pared with the total Skellefte District, if only the t typical ores are con 
sidered 

It seer logical to interpret the partial enrichment of the lighter isotope 
in the sulfide sulfur and the much wider range of variation of sulfur isotope 
compositior the Asen ores, as npared with the other ores imilar type 
in the Ske District, as ; f local reduction-oxidati processes 
realized to ar xten te ible 1 other sulfide dep sits r tl district 
Che content of barite in t res can naturally not be taker i measure 
of the accurate proportions in the ore-forming fluids, since it only 
gives an idea of the amount of sulfate actually precipitated. The content of 


barite may therefore equally as well suggest the amount of barium present 


during mineralization. On the other hand, the high percentage of barite 


definitely proves that sulfate ions were present during mineralization 
Since one of the most conspicuous features as regards both sulfide and 
sulfate values is the wide range of variation, it car be concluded that the iso- 
tope ¢ xchange reactions deve loped differently in various parts of the ore field 
Che positior f the individual samples being considered it was found that 
the varying sulfide isotope values are distributed irregularly within the ore 
field. No accumulation trend of particularly high or low values in certain 
parts of the field seems to occur. On the other hand, if co-existing sulfate 
ind sulfide values are compared, certain significant relations are found 

in column IV, Figure 1 certain values 
[wo sulfide values (both. however from the same 
lfate range, and two sulfate values fall in 

vere checked by several determinations 


In several ses vas possil te ain both barite and pyrite from one 


sample pic compositi of sulfur from co-existing pyrite and 


barite is sented 11 The arrangement of analyses in the table 


correspond het lativ SITIO 1 the field from east to west In 


spite of the 1 { ulfide at ult; values both cover a wide 
variatior nt fact s seen to be almost constant Thi 


that sulfide and sulfate wv pit | roughly contemporaneously an 


that conditions, isotope exchange equilibrium, prevailed 
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epenlinchen, Aachen 


epe 
epe 
epe 
epe 
epe 
« pe 
‘ pe 
epe 
epe 


Diepe 


nlinche 


nlinche 
*nlinche 
-nlinche 
nlinche 
nlinche 
*nlinche 
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The same specimen as mn 


The I 
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Mine 


Mine 





V in Figure 1. They fall in the range of variation found for the collo 
form sulfides. The analyses are too few to permit general conclusions but 
they could be taker indicate that isotope fractionation developed more it 
regularly in the collofort re types than in the more coarse-grained vein 


sulfides 


The other example of varying isotopic composition in sulfides from a 


co 


single hand specimen refers to pyrite from the Laisvall mine in northern 
Sweden. The main ore is an impregnation of galena in late Precambrian 
sandstone forming an easterly border zone of the Caledonian mountain range 
(6 Pyrite occurs as disseminations in the sandstone, but it also forms 
concretionary nodules with radial structures. Since determinations of the 
sulfur isotope composition of some of these pyrite nodules by repeated analyses 
gave highly varying results a test was made where kernel and margin of one 
pyrite nodule were analyzed separately. A surprisingly high difference be 
tween the kernel (8 + 29.9.) and margin (8 + 14.9) was found. The 
diameter of the pyrite concretion examined was about 2 cm 

The two examples discussed above show clearly that fractionation of 
sulfur isotopes may develop quite differently even over very short distances 
during sulfide mineralization in nature. It is significant, however, that in 
both cases the material examined comes from typical low-temperature forma 
tions. It is very difficult to make a definite statement as to the cause of the 
livergencies in the examples given above. The Laisvall example is particu 
larly iliar since the diverging values are found in the same mineral species 


and nothing in the structural appearance of the pyrite nodule indicates dif 


ferent conditions of formati in various p< f the nodule It is worth 


mentioning, however tl td Un . : the reunite se 0 
and tl at ap} rec iable il unts < lf: > i ma\ ( have been present 
during mineralization 

\s regards the Aachen sample a certain correlation between kind of mit 


eral species and sulfur isotope composition could be discerned. It can there 


fore be assumed that the same change of conditions for isotope fractionatior 
also caused a change in the conditions of precipitation of sulfides. A sudden 
unidirectional reduction of sulfate would give an isotope composition of the 
sulfate type in the sulfides and perhaps such highly reducing agents are also 
apt to carry divalent iron i lution and may therefore account for a pre 
cipitation of iron sulfides (pyrite or marcasite) characterized by heavy sulfur 
On the other hand, no correlation between iron content in sphalerite and the 
sotope compositions of tl at sphalerites could be discerned in the material 


inalyzed 


AND CONCLI 


present e) 
with ea 

general! 
stages ola | 


in their isotopic composition 
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districts characterized by a zonal arrangement of metals around certain emana 
tive centers no simple correlation exists between spatial zonal arrangement 
of minerals and their sulfur isotope compositions. Therefore, if considerable 
variations of the S**/S**-ratios do exist within an ore body or in an ore dis 


trict no general trend of variation can be stated from |} 


oh-ten perature to 


— 
1 


low-temperature formations. Nevertheless there commonly seems to be a 


tendency for the low-temperature sulfid ave a wider range of variation 
as compared with the high-temperature sulfide the same mineralizatiotr 
2. Supe rgene oxidation of sulfide n inerals is a unidirectional process 11 


volving no change of isotopic con position during the transformation of sul 
fide to sulfate If conditions are such as to permit sulfate formed by oxida 
tion of primary sulfides to contribute to the sulfur content of redeposited 
supergene sulfides below the zone of oxidation this process may cause an 
enrichment of light sulfur in the supergene sulfides, as compared with t 
primary minerals 


3. During hypogene sulfide mineralization a certain fr: 


sulfur isotopes may occur. This is evidenced by significant divergencies in 


the S**/S**-ratios in co-existing sulfides and sulfates. The fractionation 
seems to have been more pronounced at low temperatures than at higher 
temperatures 


+. Isotope fractionation, particularly if developing under low tempera 
tures, may be very local and vary appreciably over short distances 
On the basis of the above statements some general conclusions 
ade on f determinations of sulfur isotope composition i1 
of ore genesi It is obvious that oxidation-reduction processes 
considerable isotope fractionation in hypogene sulfide mineral 
fairly high temperatures n y fortuitous if the presence 


amounts ot ult 0 in ’ li tages of a miner ilizati 


evidenced | occurrence f sul minerals in the mineral 


formed Therefore it might surmised that also in an ore 


appreciabl Variati 


ns in isotope composition are established 


of sulfur with an originally homogenous isotope compositior 

these variations. For instance, the wide range of variation 
sulfides of the Cornwall District might be due to a varving devel 
oxidation-reduction processes It is interesting to note in 

that three out of the 1X sample s characterized by the lightest sulfur 
Cornwall District, are from localities where barite was mentioned 
descriptions of the mineral assemblages \ closer examination of t 


— 
id 


' 
ne 


issemblages wot erhaps revea ut conditions in the Cornwall 
analogous to those of the Aset ld where the relations betweet 
composition in sulfid d sul respectively is obvious 

to assume it duction-oxidation processes may he 
properties inl nt it ( ses penetrated by the o 
would account for t y in isotope values sometimes 
restricted portions of an ore district, otherwise, characterized by 


t variatio 
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The above f lerations disclose, that a few determinations of the iso- 
topic composition lt ilfide minerals cannot give any definite in 
a “sedimentary” 


If it is possible for isotope fra tionation to occur 


t; 


formation o ( sulfur—for instance if it is of 


ree 


on with hypogene mineralization 


variations 
re district offer then no definite 


evidence tor a 
ur from various sources 


determinations, however, may elucidate some 


aspects of these 
later article dealing with Swedish sulfide oc 
and environments 


g muneralization. Some 
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\ SULFUR MUD DEPOSIT FORMED 


THROUGH BACTERIAIT 
TRANSFORMATION OF FUMAROLI( 


HYDROGEN SULFIDE 
LIUNGGREN 


ABSTRA( 


About 50 km to the south of Guatemala City there is a lake of volcanic 
rigin, Ixpaco, diameter 300 m, the bottom of which consists of sulfurou 
ud, ve i 30 to 60% S Fumarolic activity is still taking 
he lake, depositing orthorhombic sulfur crystals 
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INTRODUCTION 
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Sketch map of Lake Ixpaco, 50 km to the south of Guatemala City, 
Central America 


orthorhombic crystals up to 10 mm in length. Those crystals formed from 
the hottest vapors are mainly developed as skeletal crystals 

Together with the sulfur crystals there is commonly a deposition of a 
white fibrous substance, which consists of pickeringite, MgAl,(SO,),*22H,O 
(Fig. 2 Che pickeringite of Ixpaco is also commonly in the form of a crust, 
up to 4 cm thick, deposited on the sand at the shore of the lake. Wet mud, 
when taken from the lake and placed upon the sand to dry, leaves a residual 
crust of pi keringite 

Mixed with the pickeringite, a few crystals of gypsum have been identified 


by microscopic examination 


rHE WEATHERED GEYSERITE 


On the northeastern shore of the lake there are some white cliffs (10 m 
to the north of locality 3, Fig. 1), the rock of which is more or less impregnated 
with sulfur \ microscopic examination reveals that these rocks consist of 
a highly weathered opaline material. The refractive index varies between 
1.43 and 1.45 The specific gravity of the dry rock is 0.55. Differential 
thermal analysis and X-ray analysis show the presence of an opaline material 
together with a small quantity of a-tridymite 

It is evident that these rocks were formed originally by deposition of 
amorphous silica fro t springs (geysers). The presence of such weathered 


veyserites at some other sulfur deposits at the volcano Tecuamburro itself 


~ 


indicates a previous period of more intense thermal activity than at present 
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Crystalline sulfur is found as vein fillings or replacements within the 
weathered geyserite. In 
| 


some places the former geyserite has been almost 
by sulfur; in other places there is a yellow coating of 
newly deposited sulfur upon 
1 


completely replace: 


the white geyserite 
The hot springs carried in solution a small percentage of copper, now 


found as thin crusts of copper carbonate and sulfate. 


i 


THE SULFUR MUD OF LAKE IXPACO 


The sulfur mud, which makes up the bottom of the lake, consists of the 
following minerals: sulfur, quartz, pyroxene, titanomagnetite, opaline mate 
rial, cristobalite, and clay minerals 

The sulfur is found as small drops or irregular grains, the grain-size being 
0.01-0.1 mm, with a very few grains ranging up to one millimeter or even 
more (maximum observed, 5 mm). This sulfur occurs in the mud as p 
sulfur, which is an amorphic variety of sulfur not soluble in carbon disulfide 
When exposed to the air it rapidly changes into the orthorhombic form 
(checked by X-ray analysis The sulfur imparts to the mud a yellowish 
gray color 

Quartz occurs as irregular grains, mostly 0.01 mm in size or smaller Dhe 
pyroxenes belong to the enstatite type. They are elongated (mostly quotient 
length/breadth = 4/1) and, in most cases, intensely altered \ few rem 
nants of augite have been observed. The grain-size of the pyroxenes varies 
between 0.05 and one millimeter. The titanomagnetites do not seem to be 
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affected by the alterations. The grain-size varies between 0.05 and 0.5 mm. 
Some very small grains possess the optical characteristics of opal, having a 
refractive index of 1.46-1.48. 

A considerable part of the mud is made up of clay minerals, many of 
which have the crystallographic outlines of preexisting minerals (probably 
plagioclases rich in anorthite). X-ray analysis of the mud gives the patterns 
of kaolinite, together with cristobalite and quartz. No clay mineral other 
than kaolinite has been found in the samples examined. Chemical analyses 
of the mud show the sulfur content to vary between 30 and 60 percent. The 
rest of the mud is mainly clay minerals and silica. A semi-quantitative spec- 
trochemical analysis gave the following results, given as percentages (analyst: 
The Colorado Assaying Co.) : 


Silicon major Potassium 1 Copper .001—.01 

Aluminium 5. —10. Barium .02 Gold None 

Iron 1. 5. Strontium 01 Silver none 

Titanium Si Manganese 01 Selenium not detected 

Sodium 1 Vanadium .001—.01 Sulfur 58.05 (qualitative test) 
Calcium Se Chromium .001—.01 

Magnesium .2— 1, Nickel .001-—.01 


A recalculation of this quantitative and semi-quantitative analysis, with 
due consideration to the optical and X-ray examinations, gives the following 
approximate mineral composition of the sulfurous mud: 


Sulfur 58% 
Kaolinite 22 
Pyroxene 2 
Titanomagnetite 1 
Silica (quartz, cristobalite, opaline material) 17 
100 


TEMPERATURES OF VAPORS AND WATERS 


During the last fumarolic period of Ixpaco the most intense outlet of hot 
rapors took place along the northern side of the lake, resulting in the forma- 
tion of the geyserite cliffs, mentioned above, and of thick layers of sulfur on 
the shore (between localities 2 and 3, Fig. 1). There is still intense fumarolic 
activity at this part of the lake. At locality 2 of Figure 1 hot vapors are 
ascending through the sand, depositing sulfur and pickeringite. Some small 
water pools with ascending hot vapors are also found at this place within a 
few decimeters from the shore line (Fig. 2). In the lake there is a hollow, 
9 m deep, just outside localities 2 and 3, from the bottom of which there is 
an intense outlet of steam. About 30 years ago there was a constant water 
fountain in the middle of this hollow, which indicates that the fumarolic 
activity has been decreasing during the last years. 

The temperatures of the waters and vapors of these different places have 
heen measured (March 26, 1957) and the results are given below. The air 
temperature varied during the measurements between 25° and 28° C. 
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I. Hot vapors at the sulfur-incrusted parts of the shore: 

87°, 94°, 95°, 96°, 95°, 94°, and 93° C. 

II. Hot vapors ascending through the sand : 
94°, 82°, 89°, 89°, 88°, 93°, 90°, and 80° C. 

III. Water of small water pools with ascending hot vapors: 
92°, 90°, 88°, and 87° C. 

IV. Water of Lake Ixpaco, different places: 
eastern shore 31° C, southern shore 32° C, western shore 32° C, and 
northern shore 29° C. 

V. Water of the outlet of the lake: 32° C. 

VI. Waters of small brooks entering the lake: 
24°, 21°, 20°, 20°, and 26° C. 


CHEMISTRY OF WATERS AND VAPORS 


The water of the lake has a grayish yellow color, due to the suspension 
of small particles of sulfur. The surface of the water has a thin cover of 
such particles which through the action of waves and winds are carried to 
the shores of the lake, resulting in deposition of sulfur-rich sands. 

Some chemical analyses gave the following results, given as grams per 
liter : 


SO. H2S Cl 
Pool of hot water (92° C) at the sand shore with intense gas outlet 46 10 .02 
Water from the deep part of the lake, at a site of intense gas emission 1.17 18 te. 
Water from the outlet of the lake 1.30 nil nil 


Only a small part of the water of the hot water pool is condensed water from 
ascending vapors; the largest part is water infiltrated from the lake through 
the sand. This means that the content of sulfate ions of the hot water pool, 
as indicated above, is not representative of the water condensed from the 
vapors or delivered as hot water from deeper levels. It is possible, as will be 
shown below, that these originally fumarolic waters have but a negligible 
percentage of sulfate ions. The figures given above indicate that hydrogen 
sulfide is predominant at the sites of gas outlets whereas sulfate ions are 
predominant in the main parts of the lake. Qualitative tests have been carried 
out within different parts of the lake, confirming the data given above: sulfide 
ions are almost absent within the parts of the lake where no gas outlet occurs; 
sulfate ions are less common at places of intense gas outlet than within the 
other parts of the lake. 

An interesting qualitative test was carried out of condensed water from 
the ascending vapors at the sulfur-incrustated part of the shore (vapor tem- 
perature 95° C). This water had a very high percentage of sulfide ion but 
sulfate ions were not detected. A silver coin was instantly blackened when 
kept in the hot vapors. The smell of hydrogen sulfide is very strong at all 
places of gas outlet. Tests for SO, or SO, in these vapors were negative. 
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ACIDITY OF DIFFERENT WATERS 


The pH of the different waters has been measured, with the following 
results : 


I. Pool of hot water (92° C) at the sand shore with intense gas outlet (Fig. 2) pH 2.92 


II. Water from the lake pH 2.27 
III. Water from the outlet of the lake pH 2.40 
IV. Condensed fumarolic water from the sulfur-crusts of the shore pH 5.0 


An approximate measurement of the pH of a small brook that enters into the 
lake on its southern side gave pH 7. The figures given above provide evi- 
dence of the fact that the high acidity of the lake water is primarily not due 
to the fumarolic vapors and waters, as these have a comparatively high pH 
(about 5), but rather to reactions taking place in the water of the lake. The 
fumarolic vapors consist mainly of water, carbon dioxide, and hydrogen sulfide, 
the percentages of which are sufficient to acidify the condensed water to a 
pH of about 5. 


THE SULFUR BACTERIA 


A microscopic examination of the uppermost parts of the sulfurous mud of 
Lake Ixpaco reveals the abundance of sulfur bacteria, belonging to the Family 
Beggiatoa (5, pp. 197, 294-295). These bacteria transform hydrogen sulfide 
into free sulfur and sulfuric acid (1, p. 73), thus: 


2 H.S + O. —2 H.O + 2S and 2S + 3 Os + 2 H.O — 2 H.SOx,. 


The bacteria of this family store small globules of elemental sulfur within 
the cells, and, during periods of H,S shortage, this sulfur is consumed to 
form sulfuric acid. It is probable, that most of the elemental sulfur (amorphic 
small grains of sulfur, insoluble in carbon disulfide, p-sulfur) of the mud is 
formed through the action of these sulfur bacteria, and it is also probable that 
the high acidity and the sulfate ion content of the lake water is due, as men- 
tioned above, to the bacterio-chemical reaction during which sulfuric acid is 
formed. 

The sulfurous mud of the lake consists of sulfur-rich layers alternating 
with layers rich in decomposed volcanic ash, and also, near the shore lines, of 
layers rich in sand washed from the surrounding slopes during the rainy sea- 
sons. The local ashes and sands consist mainly of feldspars (anorthite-rich 
plagioclases) and pyroxenes, together with some olivine, titanomagnetite, 
and quartz (3). The silicate minerals are rapidly decomposed by the sulfuric 
acid delivered by the sulfur bacteria, and this is the reason why no feldspars 
or olivine and only few pyroxenes can be seen by microscopic examination 
of the mud. These silicate minerals have been transformed into clay minerals 
through the action of the sulfuric acid (2, p. 297). This is also the reason 
for the common occurrence of pickeringite, an aluminium magnesium sulfate 
that is formed during this process from the silicates of the mud. 
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The grain-size of the sulfur globules within the bacteria is the same as 
that of the sulfur of the mud, 0.01 mm or a little more. 

An approximate calculation gave about 100,000 sulfur bacteria per cubic 
centimeter of the mud. These bacteria are also very abundant in the lake 
water. 

The outflow of water from the lake, during the dry season, is estimated 
to about 10 litres per second, at least half of which has arrived at the lake as 
small brooks or as ground water from the slopes surrounding the lake. 


THE SULPHUR SAND 


In some places along the northern and eastern shores there is a sand con- 
sisting almost entirely of grains of sulfur, the grain-sizes being 1-5 mm. 
This sulfur is, in contrast to the sulfur of the mud, immediately soluble in 
carbon disulfide. X-ray examinations show the sulfur to be orthorhombic. 
The sulfur grains are shaped as lenses, the smallest grains are convexo-plane, 
the larger ones are convexo-concave. It is probable that this sulfur is formed 
inorganically, contrary to the sulfur of the mud, which is formed through the 
action of sulfur bacteria. The proximity of the fumarolic outlets provides 
a possible explanation of the origin of this sulfur, namely as directly sublimated 
in the water and floated to the surface of the lake, by means of gas bubbles, 
which existed at the now concave part of the grains. In this sand there are no 
spherical grains of sulfur, indicating that no remelting has taken place. At 
one place on the sand shore a layer made up entirely of such sulfur grain 
lenses was found, the thickness being three decimeters (drill hole No. 2). 


CORE DRILLINGS AT THE SHORE OF THE LAKE 


Four drillings were carried out at different sites around the lake, as indi- 
cated on Figure 1. 


Drill hole No. 1: 
0.0-0.5 m_ sand 
0.5-2.3 m_ sand and sulfur-rich clay (< 30% S) 
2.3-4.5 m_ sulfurous mud (> 30% S) 
4.5-4.7 m_ black sludge 


Drill hole No. 2: 


0.0-0.2 m_ sand 
0.2-1.0 m_ sulfur sand (with sulfur lenses) 
1.0-2.0 m_ sulfur-rich clay (20-40% S) 


Drill hole No. 4: 


0.0-0.3 m_ black sludge (above water level of the lake) 
0.3-0.5 m_ sulfur-rich sand (< 30% S) 

0.5-1.5 m_ sulfur-rich clay (20-40% S) 

1.5-2.0 m_ black sludge 
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Drill hole No. 5: 


0.0-0.5 m_ sand and black sludge 
0.5-1.0 m_ sulfur rich sand (< 30% S) 
1.0-4.8 m_ sulfurous mud (> 30% S) 
4.8-5.0 m_ sulfur-rich sand (< 30% S) 


SULFUR RESERVES 


The sulfur reserves of Lake Ixpaco (sulfurous mud) are estimated at 
considerably more than 100,000 cubic meters. 


DEPARTMENT OF MINERALOGY AND GEOLOGY, 
UNIVERSITY OF LUND, SWEDEN, 
July 1, 1959 
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GEOLOGY, SULFUR ISOTOPES AND THE ORIGIN OF THE 
HEATH STEELE ORE DEPOSITS, NEWCASTLE, N. B., 
CANADA 


E. DECHOW 


ABSTRACT 


The Heath Steele mine is located 35 miles northwest of Newcastle, 
New Brunswick, Canada. 

Middle Ordovician Tetaguuche Group rocks, consisting of siliceous and 
basic volcanic rocks and fine-grained quartz sericite schists and porphyry, 
have been folded into a steeply plunging recumbent anticline. The ore 
deposits of zinc, lead, and copper are associated with minor folding and 
or sheared dilatent zones at or near the contact between porphyry and 
fine-grained sericitic schist. 

Mineralogically the sulfide bodies consist of early, euhedral arseno- 
pyrite, magnetite, and pyrite, followed by interstitial pyrrhotite, sphaler- 
ite, chalcopyrite and galena. Minor minerals are tennantite-tetrahedrite, 
bismuthinite, marcasite, hematite, and some graphite. Supergene min- 
erals consist of chalcocite, covellite and marcasite with a little native 
silver. Little hypogene replacement has taken place between the min- 
erals, which show a “porphyritic” texture. 

Sulfur isotope ratios have been determined for over 150 sulfide and 
sulfate specimens from five of the seven ore bodies, and from granite, 
acid and basic volcanics, porphyry, and sediments. The results indicate 
that there is no detectable fractionation either during hypogene mineraliza- 
tion or supergene enrichment. The spread (21.82-22.02) covered by the 
ratios is narrow, and suggestive of a well homogenized source of mineral 
solutions. The enrichment of S** in the ore sulfides and the presence 
of graphite, evident from mineralographic studies and mass _spectro- 
metric analysis, suggests reduction of original sulfates (known to be 
enriched in S*4) by organic carbon at temperatures in excess of 600° C. 
A calculation based on the isotopic exchange reaction between sulfide and 
sulfate under equilibrium conditions and the spread of the ratios indicates 
a temperature of 700-800° C for the source. Finally the ratios determined 
for sulfides in a gneissic granite close to Heath Steele have the same ratio 
as the ore. These factors are considered to be diagnostic of a magmatic 
hydrothermal origin for the ore deposits. 

In conclusion the writer believes that an original source bed has been 
buried until suitable temperatures were reached to cause granitization, re- 
duction of sulfates, and mobilization of the resulting sulfides to form ore 
deposits at favorable loci. 


INTRODUCTION 


Tue Heath Steele mine is located about 35 miles northwest of Newcastle, 
New Brunswick, Canada. Access is by means of a paved road from New- 
castle or by Canadian National Railroad spur from Bartibog on the main 
Newcastle-Bathurst line. 
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The present study is a portion of a dissertation presented at Yale Uni- 
versity in partial fulfillment for a Ph.D. degree. Field work was done during 
the summers of 1957 and 1958. Difficulties of mapping are typical of this 
part of New Brunswick and comprise intense dynamic metamorphism, lack 
of key beds, and a masking layer of glacial drift. 
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GENERAL GEOLOGY 


The rocks underlying the Heath Steele property are Middle Ordovician 
in age and have been assigned to the Tetagouche Group. They consist of 
siliceous and basic volcanic rocks, fine-grained quartz-sericite schist, and vari- 
eties of porphyry (Fig. 1). 

The quartz-sericite schists are dark gray, thinly laminated fine-grained 
rocks that occur interbedded with porphyry through the mapped area. 

The composition of these rocks varies considerably. Generally they con- 
sist of bands of fine siliceous material 1-4 mm thick separated by thin bands 
of sericitic and chloritic material. The latter is considered to have been 
formed from original argillaceous or felspathic layers by low-grade meta- 
morphism, and is therefore parallel to the original bedding. Following Petti- 
john’s classification the rocks originally had the composition of graywacke. 
Unfortunately their fine-grained nature prevented an accurate estimation of 
the amount of felspar present. Although they are referred to as sediments, 
their true origin is not certain, either they were true sediments or fine, water- 
laid tuffs; in fact, rocks similar to the overlying siliceous volcanic rocks occur 
intercalated with them. Shaw (17) has described similar rocks to the south 
in the Sevogle River region. Smith and Skinner (19) have correlated the 
Heath Steele “sediments” with Shaw’s formation, although Skinner (18) 
previously correlated them with the Upper Tetagouche argillaceous sediments. 
The writer considers them correctly correlated with the lower formation as 
they are unconformably overlain by the siliceous volcanic rocks. 

Porphyry consists predominantly of quartz-felspar porphyry with minor 
quartz porphyry. The quartz-felspar porphyry consists of subhedral to 
euhedral quartz and felspar grains set in a matrix of quartz, felspar, sericite 
and chlorite. The felspars are generally embayed, brecciated and aligned 
sub-parallel to foliation, somewhat replaced by sericite and in places epidote 
and carbonate. Wisps, stringers and masses of sericite and chlorite trend 
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across the fine ground mass and curve around the phenocrysts, giving the 
rock its schistose appearance. The origin of this porphyry is considered to 
be that of a group of intrusive sills, which may have been extrusive in places. 
In any case, they can be mapped locally as a conformable unit. Gourley (6) 
in a recent study considered these rocks to be coarse arkosic sediments. What- 
ever their origin they are important economically because the ore deposits 
are located along structural features in close proximitey to the porphyry-seri- 
citic schist contact. 

Quartz porphyry occurs only in large bodies north of the B-1, B-3 and 
B-4 bodies, but is abundant as thin bands in the E, A-C-D, and B-2 areas. 
It is intimately associated with the quartz-felspar porphyry and is considered 
to be a phase of it. The quartz phenocrysts are up to 3 mm in diameter, 
subhedral but sporadically euhedral, and set in a predominantly sericitic 
groundmass containing some penninite chlorite and muscovite. 

Two lenses of a rock that resemble the quartz porphyry closely, have been 
labelled as “quartz eye” rocks. The eastern lens south of the B-1 pit appears 
to intertongue with the quartz-felspar porphyry and appears to be a phase 
of it. However, the quartz grains are smaller and angular. The other lens 
occurs within a thick sediment, band, is variable in composition and contains 
rounded phenocrysts so that it is correlated with the sediments rather than 
the porphyry. 

South of the B zone the porphyry and sediment bands are cut off by the 
siliceous volcanic rocks. This has been interpreted as a minor unconformity, 
the formation of which is illustrated in Figure 2. 

The siliceous volcanic rocks are composed predominently of a dark gray, 
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white weathering, schistose to banded rock containing scattered fine corroded 
and fractured felspar phenocrysts with or without minor quartz phenocrysts. 
The felspars are twinned plagioclases with a composition of andesine-oligo- 
clase, or rarely untwinned albite. These have been commonly replaced by 
chlorite, sericite, epidote and carbonate, and are set in a fine-grained matrix 
of quartz, felspar, sericite and chlorite. The rock is considered to be tuffaceous 
for the following reasons. 

1. The inclusion of fragments of chilled volcanic rock and interbedded 
agglomerates suggests a pyroclastic origin. 

2. No primary flow structures, pillows or amygdules have been observed. 

3. The rock is finely banded. 

Basic volcanic rocks occur in the southeast and southwest portion of the 
mapped area. They are grayish green, massive, aphanitic in appearance and 
are composed predominently of secondary ferro-magnesian minerals forming 
a matrix for sausseritized felspar laths. The southeast body cuts across the 
general foliation, but the southwest body extends through the siliceous vol- 
canic rocks almost to the contact with the porphyry. For these reasons the 
basic rocks may be intrusive, contrary to general opinion. 

Although not occurring in the mapped area, the granitic rocks of New 
Brunswick should be mentioned for two reasons: 


1. They appear to have played some part during ore genesis. 
2. Because of their relation to the regional structure. 


The granitic rocks are considered to be of pre-upper Devonian age (5). 
There are two varieties; a gneissic type considered to have been emplaced 
during deformation, and a massive type intruded after deformation. A body 
of the former type, 1 mile by 4 miles in size, with its long axis oriented 
north-northwest, occurs about three miles southwest of the D body, at South 
Little River Lake. This rock is composed predominantly of quartz and 
felspar with minor interstitial ferromagnesian minerals. The quartz occurs 
as discrete grains or in micrographic texture. The felspar is predominantly 
perthite with minor amounts of albite, oligoclase, and microcline. Sausseri- 
tization of the felspars is common and the ferromagnesian minerals have been 
altered to chlorite and minor amounts of amphibole. Pyrite is generally 
associated with the chlorite. Accessory minerals are iron oxides, apatite, 
fluorite, and zircon. The foliation, sporadically absent, in general strikes 
north-northwest parallel to a major structural flexure in this region. 

The intrusive granites are gray, biotitic, medium to coarse-grained types 
that cut across all previous structures. 


STRUCTURE 


The regional structure of the Ordovician rocks of New Brunswick is 
separated into two units by a line trending north-northwest from North Little 
River Lake some two miles west of Heath Steele. Northeast of this line the 
dominant structures are two anticlinoria separated by a synclinorium. These 
are complex folds with steep plunges to the northeast. Along the major 
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structural axis extending north-northwest from North Little River Lake, a 
north-northwest cleavage is developed which is later than the north-northeast 
trending structures. In addition, the north-northeast striking rocks are de- 
flected towards the southeast to the southwest of Heath Steele and faults 
parallel this trend to the west. 

The geology in the Heath Steele area shows features that can be attributed 
to both these trends. A north-northeast foliation is developed in all the 
rocks. This is parallel to original bedding in the fine-grained rocks where 
it is caused by alternating bands of siliceous and sericitic material. It is 
emphasized in the porphyry by sub-parallelism of the feldspar laths. In 
general this foliation dips at 60° to 80° south, except near the B-1 and B-4 
areas and in the northeast corner of the mapped area. In places where def- 
ormation was more intense this foliation grades into a schistosity, as in the 
fine-grained tuffs southwest of the D body and close to the ore bodies them- 
selves. 

The north-northwest trending structure is present over the mapped area 
as a fracture cleavage or jointing that displaces the north-northeast foliation. 
The porphyry and interbedded fine-grained bands north of the C-1 and C-4 
bodies are folded along north-northwest trending axes. 

The major structure of the mapped area has been interpreted as the axial 
portion of a steeply plunging recumbent anticline. The development of this 
structure is shown in Figure 2. Evidence for this, given in the writer’s dis- 
sertation on Heath Steele, is; movement of dragfolding, dip and strike of 
foliation, similarity of volcanic rocks to north and south and agreement with 
regional structure. 

Faulting and shearing is considered to trend in two main directions. An 
earlier east-west set that is closely associated with ore formation and a later 
north-northeast set that displaces the ore. This faulting is small scale in 
extent, being present in the porphyry but soon lost in the fine-grained rocks. 


ORE DEPOSITS 


General Description—The Heath Steele ore deposits may be divided 
conveniently into three groups: 


(a) The B zones comprise three ore bodies, B-1, B-4 and B-2, which occur 
along the flanks and noses of steeply plunging folds. They are associated 
with much iron formation and rake steeply towards the west. 

(b) The E zone consists of four tabular sulfide bodies occurring in chloritic 
schist sandwiched between porphyry masses. They strike east-west and dip 
south at 50° to 60°. The central two bodies, which are the largest, coalesce 
at depth to form a high-grade copper lens that plunges steeply westward. 
(c) The A-C-D zones are associated with an outlier of porphyry forming a 
basin-like structure in the sediments. The C and D ore bodies are located in 
zones of shearing close to the porphyry-sediment contact and the A body in 
undulations formed by this contact but cut by east-west faults. 


All ore bodies are of the massive replacement type characteristic of the 





—> ph AS — 


—. Rh) 





sy 


led 


~ur 
ted 


itic 
dip 
sce 
ga 
1 in 
yin 


the 





THE HEATH STEELE ORE DEPOSITS 545 


Ordovician province of New Brunswick. They consist of massive pyrite 
that carries economic grades of base-metal sulfides in places. High-grade 
lead and zinc sulfides occur generally in the noses of folds as galena, sphalerite, 
and a little chalcopyrite. This is true of the A and B ore bodies. Chalco- 
pyrite, pyrrhotite, and quartz occur where later fracturing has occurred within 
the massive pyrite, or where ore control was due predominantly to shearing 
as in the D ore body. 

A mineralographic study showed the ore to consist of early, euhedral, 
arsenopyrite, magnetite and pyrite, containing interstitial pyrrhotite, sphaler- 
ite, chalcopyrite, and galena. Minor minerals are marcasite, bismuthinite, 
hematite, tetrahedrite-tennanite and some graphite. Supergene chalcocite, 
covellite, and marcasite exist in the near surface portions. Gangue minerals 
are quartz, chlorite, and carbonate. 

No extensive hypogene replacement exists, instead the ore textures may 
be interpreted as “porphyritic” (Fig. 3), pyrrhotite and chalcopyrite fill 
later fractures and the sphalerite and galena with some chalcopyrite have 
migrated to areas of greater dilatency during crystallization. Marcasite 
occurs as a later hypogene alteration product of pyrrhotite. Supergene re- 
placement as examined in B-1 pit is extremely fine-grained. Orthorhombic 
chalcocite occurs in minute fractures in sphalerite and chalcopyrite, com- 
pletely replaces galena, but only forms a thin coating around pyrite. Covel- 
lite is later than chalcocite and generally replaces it (Fig. 4). 


SULFUR ISOTOPIC STUDY 
Methods and Apparatus 


Drill core samples of pyrite, pyrrhotite, chalcopyrite and sphalerite-galena 
were collected from the B-1, B-2, E, A, and D bodies. To facilitate separa- 
tion of the various minerals in this fine-grained ore, coarse-grained samples 
were preferred. Even so, sphalerite and galena could not be separated and 
were analyzed together. The samples of country rock containing sulfide were 
collected during mapping. Sulfate samples were of secondary sulfate formed 
on ore stock-piles at the surface or from mine waters in the pits. Sulfides 
were burnt directly to sulfur dioxide in a stream of oxygen at temperatures 
slowly raised to 1000° C, and this gas was dried by passage through a dry 
ice-acetone mixture before being analyzed on the mass spectrometer. Sulfate 
samples precipitated as barium sulfate were reduced with graphite at tem- 
peratures of 1000—1050° C to barium sulfide, to which was added hydrochloric 
acid and zinc dust and the resulting hydrogen sulfide precipitated as silver 
sulfide by bubbling through silver nitrate. The silver sulfide was then ready 
for combustion to sulfur dioxide and mass spectrometric analysis. 

The mass spectrometric analysis has been described by Jensen (9). 
S**/S** ratios are reported as ratio values although in all tabulations the 
permil values are also given. In addition, a standard sample (S%*/S** = 
22.21) was periodically analyzed to check the accuracy of all results. This 
is given as Standard No. 2. 
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Fic. 3. High-grade lead-zinc ore showing “porphyritic” texture. Euhedral 
pyrite cubes, with blebs of sphalerite (gray), have massive sphalerite and galena 
(dull white) interstitial, Black mineral, showing some crystalographic outline 
is carbonate, etched with 1:1 HCl. x 41.5. 

Fic. 4. Galena (dull white) mostly replaced by chalcocite (light gray), in 
turn replaced by covellite (dark gray). Sphalerite (gray) contains chalcocite 
along fine fractures, Pyrite grains (white, high relief) surrounded by a rim of 
chalcocite. X 160. 
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Discussion of Results 


All results are plotted in Figure 5 and given with a description of the 
sample in Tables I-VII. 

Role of Isotopes During Supergene Enrichment.—Supergene enrichment 
takes place in two stages. The first is the oxidation of sulfides to sulfates 
and the solution of soluble sulfates. The second stage is the replacement and 
enrichment of the primary ore where Eh and pH conditions are favorable. 

The process of oxidation is quantitative and complete. All the sulfides 
present are converted to sulfate and therefore the sulfur in these sulfates will 
have the same isotopic composition as the original sulfides. This is shown in 
Table I and Figure 5. The enrichment process, however, is different, here 
there must be some exchange of sulfur atoms and therefore a mechanism by 
which isotopic fractionation might occur. As stated above, chalcocite is re- 
placed by covellite but not vice-versa. According to Garrels (7), and 
Garrels and Naeser (8), at the pH and Eh for this to occur, the stable sulfur 
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TABLE I 
SULFATES 








No. of sample | Description | Yield % | S82/S34 5340 /oo 
Al White sulfate collected from stockpile of Pb-Zn 
| ore near Mill 77.4 | 21.92] 13.5 
B II White efflorescence found on Pb-Zn concentrate | | 
after dry period. | s4.2 | 21.94] 12.2 
C Il Secondary sulfate found on ore in stockpile from } 
| B-I ore. 83.4 | 21.94 | 12.2 
DI | As above | 66.4 | 21.98 | 10.4 
D Ill | As above | 39.2 | 21.93] 12.60 
D.H. 191-81 ft. Sec. sulfate formed on core 21.93 | 12.60 
E | Copper sulfate collected on twigs below B-1 pit 
| where water had evaporated. 78.5 21.96 | 11.3 
F Il Sulfate collected from edge of B-1 pit where water 
| had evaporated. 86.4 | 21.93 | 12.60 
G | Water sample from A pit, collected after dry | 
period, 24 July 1958. 76.0 | 21.96} 11.3 
H | As above, collected 25 July 1958. 83.6 | 21.93 | 12.60 
| As above, collected 20 September 1958. 76.4 21.99 9.90 
K I Water from small pool below B-1 pit stockpile | 
where concentrated by evaporation. 87.0 | 21.92) 13.1 
M | Water sample from B-1 pit collected 24 July 1958. | 87.2 | 21.92 13.1 
N As above, collected 25 July 1958. 86.0 21.93 | 12.60 
P | As above, collected 20 September 1958. 85.8 | 21.93 | 12.6 
OQ Water sample from B-1 pit sump, collected during 
| operations in September 1957. —-- | 21.89 | 14.4 
| 





Standard No. 2 analyzed 22.22 (6S** = 0.0) under the same conditions. A significant factor 
is that during reduction some fractionation occurred. Thus all samples from which the vield 
was greater than 80 percent varied from 21.92 to 21.94, while those which had a yield between 
75 and 80 percent were enriched in the lighter isotope. However, for the B-1 samples the varia- 
tion was 21.92 to 21.96, and the mean was 21.93 + 0.01. This is identical to the ratios obtained 
for the primary sulfides (Table II). Sample Q is ignored as it was not reduced quantitatively and 
was precipitated as PbS, which undergoes a complicated dissociation (15). 


species is H,S. However, any sulfate already in solution under these con- 
ditions will not be reduced but will exist metastably (8, p. 129). This 
means that during enrichment any sulfur taking part will do so as H.S, 
formed from primary sulfide in situ, and this will have an opportunity to 
undergo an isotopic exchange reaction with sulfate : 


SO,” + H,S* = S*O,” + H,S*. 


At 25° C and one atmosphere pressure, this reaction is displaced towards 
the right hand side so that any additional sulfur atoms added during enrich- 
ment should be more highly concentrated in S**. Figure 5 indicates that 
the supergene sulfides are slightly lighter than the sulfates but are still well 
within the total spread of ore ratios. Therefore it can be said that no de- 
tectable fractionation was observed during supergene enrichment. An ex- 
planation for this is the lack of opportunity for the above isotopic exchange 
reaction to attain equilibrium, i.e., nothing approaching a closed system. 

Fractionation During Mineralisation—No positive fractionation during 
hypogene mineralization was detected. All mineral species cover the same 
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B-1 120 


B-l 27 


30 
69 
24 


116 
74 


80 


106 


62 


108 
14 


1l 

42 

41 
419-202 
-355 
421-208 
370-205 
-227 
327-230 
327-230 
373-395 
420-268 
418-169 


-200 
415-180 


329A-182 
-185 


Mean 
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TABLE II 
Be] ZONE ISOTOPIC RATIOS 
Pyrite Sec, Sulfide Chalcopyrite Sphalerite-galena DESCRIPTION 








332/334 3h0/oo $3%/s34 340/00 32/334 340/00 332/334 3h0/o 
21.95 11.7 


21.92 13.1 21.95 11.7 
21.92 13.1 21.94 12.2 
21.92 13.1 21.93 12.6 


21.95 11.7 
21.95 11.7 


21.98 10.4 

















21.93 12.6 21.93 12.6 
21.96 11.3 
21.98 10.4 
21.95 11.7 
21.96 11.3 
21.96 11.3 
21.99 9.9 
21.92 13.1 
21.91 13.5 
21.93 12.6 
21.87 15.3 
21.95 11.7 
21.97 10.8 
21.85 16.2 
21.94 12.2 
21.93 12.6 
21.93 12.6 
21.97 10.8 
21.92 13.1 
21.91 13.5 
21.93 12.6 
21.93 12.6 
21.93 12.6 
21.93 12.6 
21.92 13.1 21.95 11.7 21.96 11.1 21.97 10.8 
2.02 2.8 3.01 teh 2.00 20.0 2.02 +.8 


Fine sooty chalcocite 
completely replacing 
pyrite. 

Fine pyrite replaced 
along vein by super- 
gene sulfide. 

As above. 

As ahove. 

Sec. sulfide repla- 
cing pyrite but cont. 
much pyrite. 

As above 


Ce. intimately mixed 
with pyrite. 


Chalcocite replacing 
pyrite. 


As above 

Sphalerite and galena 
with sec. sulfide and 
pyrite. 

As above. 

Sphalerite in high 
grade cn-Pb ore 


Chalcopyrite in qz. 
veinlet cutting mass- 
ive pyrite. 

As above. 


Sphalerite and galena 
cont. much pyrite. 


Massive pyrite. 
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isotopic range. However, pyrrhotite may be enriched in S** and chalco- 
pyrite depleted. Thus 16 out of 19 pyrrhotite samples had values between 
21.82 and 21.91 and 17 out of 21 chalcopyrites had values lying between 21.90 
and 22.02 (Fig. 5). The total spread covered by the combined ratios is 
21.82-22.02 which is exactly the spread of the pyrite values. It seems pos- 
sible that during the crystallization of the intimately associated chalcopyrite 
and pyrrhotite the heavier isotope was absorbed into the pyrrhotite lattice. 
This trend is nevertheless not considered statistically significant. 

Sulfides in Country Rocks—Sulfide samples were collected from granite, 
basic, and siliceous volcanic rocks, porphyry and sediments, (quartz sericite 
schist). The granite samples were found in the South Little River pink 
gneissic granite. Both samples analyzed fell within the spread of the ore 
sulfides. The same can be said for the majority of samples analyzed. This 
is to be expected as they were all collected close to the ore bodies and therefore 
associated with ore formation. However, there are six exceptions to this. 
Two of these analyses, one in porphyry close to the B-2 ore body, the other 
in a basic volcanic rock south of the D zone where considerable deformation 
is present, have ratios of 21.78. Both may be associated with ore deposition 
in some way. Of the other four ratios, two occur in basic volcanic rocks 


TABLE I1I 
B.2 ZONE SULFUR ISOTOPIC R&TIOS 





Sample No, Pyrite Pyrrhotite Chalcopyrite Sphalerite-galena Description 


332 /s34 5340/00 332/334 340/00 332/534 Lko/oo 337/334 B4o/oo 





429-283 21.86 15.8 21.89 14.4 21.91 13.5 21.91 13.5 Coarse grained pyrrhotiy 
sphalerite nd pyrite,with 
chalcopyrite. 

-260 21.83 17.1 Banded iron formation with 
pyrite and chlorite. 


-291 21.94 12.2 21.96 11.3 Coarse sphalerite veining 
pyrite. 
401-196 21.86 15.8 Pyrrhotite contsining specks 


of chalcopyrite. 


-198 21.89 14.4 21.92 13.1 Coarse pyrrhotite and some 
chalcopyrite with qz. and 
siderite gangue. 

















308-316 21.85 16.2 21.88 14.9 Chalcopyrite veinlets in 
pyrrhotite. 

-337 21.87 15.3 21.89 14.4 Chalcopyrite and pyrrhotite 
in pyrite. 
-339 21.89 14.4 Massive pyrrhotite. 
336-308 21.9% 12.2 21.9% 12.2 Coarse chalcopyrite and 
sphalerite assoc. with qz. 
veinlet. 
381-544 21.88 14.9 Chalcopyrite veinlet in 
chlorite schist. 
426-178 21.96 12.2 21.87 15.3 Massive pyrite with sphale- 
rite and galena. 
412-56 21.04 16.7 Massive pyrite. 
968-165 21.84 16.7 

Mean 21.87 15.3 21.88 14.9 21.90 14.0 21.92 13.1 
Mean deviation?,03 21.3 2.01 t.4 2,02 =.9 £02 £.9 
Standard No 2 22,21 g* = 





35 


35. 
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TABLE LV 
E ZONE SULFUR ISOTOPIC RATIOS 
Sample No, Pyrite Pyrrhotite Chalc te Sphalerite-gal 
$32/s34 ¢340/00 332/334 fr*o/oo 332/534 §340400 932/334 2 +o/00 Description 
D.H.3 76-734 21.83 17.1 Pyrrhotite bands in 
chlorite schist. 
3h SBA 21.93 12.6 21.91 13.5 Sphalerite, galena agd 
chalcopyrite intémat- 
ely mixed, 
342-332 21.87 15.3 21.87 15.3 


Pyrrhotite and pyrite, 








387-748 21.89 lyk 21.88 14.9 Qz. vein with coarse 
chalcopyrite, pyrite, 
pyrrhotite. 

3h beh27 21.83 17.1 Intimate mixture 
pyrrhotite, pyrite, 
chalcopyrite, sphaleri- 
te and galena. 

362-196 21.92 13.1 21.94 12.2 Massive pyrite with 
pyrrhotite-chalcopy- 
riteveinlet. 

-503 21.95 11.7 21.95 11.7 As above. 

362-523 22.028 8.6 22.008 9.5 Mixture of pyrite 
and magnetite- 
with coarse sphale- 
rite-galena and some 
chalcopyrite. 

(22.02) (8.6) (21.96) (11.3) 
- 21. 12.2 21.95 11.7 Mass. pyrite with 

Sh3mb2 1.9% chalcopyrite veinlet 

i 21.91 13.5 21.91 13.5 Mass. pyrite with 

348-153 3 magnetite and spha- 

lerite,galena, 
° 15. 21.9% 12.2 Mass. pyrite with 
157 21.67 503 magnetite and chal- 
copyrite, 
= 36) 21.8 15. 21,88 14.9 Mass. pyrite with 

357-368 2.87 503 veinlet of spha- 
lerite-galena, 

a 21.89 liek 21.92 13.1 Mass. pyrrhotite 

352-123 with a band of 

cs chalcopyrite. 
=237 21.82 17.6 22.03 8.1 Pyrite veinlet in 
footwall porphyry. 
- 21. 12.2 22.0 8.1 Chalcopyrite veinlet 
345~68 21% —- 2220) —— ees aetiniel in mixt. of pyrite 
Mean 21391 13.5 21.89 lbed 21.94 12.2 21.91 13.5 and pyrrhotite, 
" Mean devistiont,04 t1.8 #03 21.4 7,02 4.9 #04 21.8 
Mean(less 
magnetite 
bearing 
samples} 21.90 14.0 21.89 14.4 21.93 12.6 21.88 14.9 
7.04 41.3 4,03 #14 02 20.9 4.0 41.2 


Standard No. 2 22.23 £24 = ~0.5 


"Samples that contained abundant magnetite which breaks down to yield oxygen of different isotopic 
-- composition. In parentheses are values obtained after a crude separation with a horseshoe magnet, 


(22.20 and 22.23) one in an acid tuff (22.14) and the other (22.23) in a 
peculiar soda-rich rock in the southeast part of the mapped area. The values 
for the basic rocks agree with those determined by Ault (3) of 22.02 to 22.26 
while the values in the siliceous volcanic rocks lie close to meteoritic sulfur. 


These four values can then be considered to belong to syngenetic sulfides. 
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Nature of the Source.—The isotopic results indicate two important factors 
about the source : 


(a) The narrow spread (8% of the total spread observed to date) indicates 
a uniform or well homogenized source. 

(b) The ratios are all highly enriched in S** relative to meteoritic sulfur 
which is regarded as the value of unfractionated earth (primordial) sulfur. 

It is relevant at this stage to summarize the hypotheses regarding the 
origin of the New Brunswick ore deposits and decide which is most com- 
patible with the isotopic results. There are three main hypotheses put 
forward for ore deposition. 

A syngenetic origin postulates precipitation of the sulfides under reducing 
conditions during the deposition of the sediments (13). This is considered 
to be untenable as the sulfides of sedimentary origin generally show a broad 


TABLE V 
= ___A ZONE SULFUR ISOTOPIC RATIOS 
Sample No, Pyrite Pyrrhotite Chalcopyrite Sphalerite-galena Description, 
332/334 g34o/oo g?* 34 £240/o9 332/534 8240/0 332/334 5742 joo 
102-88 21.88 14.9 Bhalcppyrite and pyrr- 


hotite bands, 


128-323 21.92 13.1 21.9% 12.2 Coarse chalcopyrite and 
pyrrhotite with qz. 


31-53 21.88 16.9 21.89 lb.d Mass. pyrite with carb. 
veinlet conv. sphale- 
rite and galena. 


Pyrite 
in vein 21.91 13.5 Pyrite in qz. vein in 
Hanging wall porphyry. 
30-82 21.87 15.3 Pyrite-carbonate vein- 
let in sediment. 
104-108 21.90 14.00 21.90 14.0 Sphalerite-galena in 
mass. pyrite. 
105-73 21.88 14.9 Sphalerite-galena with 
dissem, pyrite. 
Pyrite in 
foot wall 21.88 14.9 Pyrite dissem, in footwall 
chlorite schist. 
107-232 21.86 15.86 Mass. pyrite with some 
; chalcopyrite. 
136-193 21.89 lbek Mixt. of massive pyrrhotite 
and chalcopyrite. 
-159 21.9% 12.2 21.88 14.9 Sphalerite, galena carbona- 
te vein in mass, pyrite. 
=275 21.91 13.5 Pyrite, pyrrhotite, chalce- 
pyrite vein in chlorite 
schist. 
111-168 21.87 15.3 Pebbly pyrite dissem, in 
chlorite schist. 
112-282 21.84 16.7 Mass. sphalerite. 
-294 21.89 ls.4 21.88 14.9 Chalcopyrite and pyrrhotite 
banded. 
=-296 21.88 14.9 Coarse sphalerite in Pb-Zn 
ore. 


109-127 22.88 14.9 
Mean 21.88 14.9 21.90 14.0 21.91 13.5 21.88 14.9 


Massive pyrite. 








t.02 2.9 fol +45 .02 2.9 2.01 2.5 
Standard No. 2 22.21 $4 = 0.0 
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TABLE VI 
ZONE SULFUR ISOTOPIC RATIOS 


932/334 heen 332/334 34e/o0 332/534 3he/og 332/334 Hho /og 




















230-394 21.92 13.a 21.91 13.5 Mass. pyrite cont. chalcopyrite, 
-410 21.88 14.9 21.90 14.0 Mixt. of mass. pyrite and 
Pyrrhotite. 
=452 21.90 14.0 21.91 13.5 Mass.pyrrhotite and chalcopyrite 
in chlorite schist. 
2222245 21.89 14.4 Fine sphalerite and galena 
235-65 21.89 14.4 21.90 14.0 Mass. pyrite with veinlet of 
sphalerite-galena. 
212-157 21.92 13.1 Chalcopyrite in brecciated 
pyrrhotite. 
-165 21.88 14.9 Intimate mixt. sphalerite, 
galena and qz. 
206-99 21.90 14.0 21.97 10.8 Mass. pyrite with sphalerite 
veinlet. 
-642 21.89 lack Mass. pyrite. 
59-85 21.89 li.4 21.90 14.0 Coarse mist. of chalcopyrite and 
pyrrhotite with some pyrite 
Sphalerite, galena and qz. 
204-161 21.88 14.9 Mass. pyrite. 
-173 21.93 12.6 Mass. pyrite with chalcopyrite. 
=545 21.87 15.3 Intimate mixt. of sphalerite, 
galena, chalcopyrite, and 
pyrrhotite, 
238-519 21.88 14.9 Pyrrhotite in Qz. veinlet,. 
535 21,87 _15.3 se Be ___.-‘ Mass. pyrite with pyrrhotite; 
Mean 21.89 bed 21.88 14.9 21.91 13.5 21.91 13.5 
Mean devie 
ation. 2.01 th +.01 teh 01 +4 t.02 +.9 
Standard No.2 22.21 §3*= 0.0 


spread of values. The sediments of New Brunswick are no exception and 
contain sulfides whose ratios range from 21.91 to 22.70 and average 22.31 (20). 

A source bed origin postulates the sulfides formed syngenetically as above 
but that during later metamorphism these sulfides became mobilized and 
were transported through the source bed to be deposited in loci caused by 
favorable host rock (iron-rich sediments in this case) or zones of dilatancy. 
(Formed in this case by movement between the incompetent sediments and 
competent porphyry.) Knight (11) and Stanton (20) favor this, which con- 
forms to Jensen’s (10) metamorphic hydrothermal deposits. 

A hydrothermal origin postulates ore-bearing solutions formed at depth 
from a cooling batholith, migrating upwards and forming ore deposits in much 
the same loci as above (Jensen’s (10) magmatic hydrothermal type). 

The application of the isotopic results can now be discussed further. The 
fact that the S**/S** ratios are enriched in S** relative to meteoritic sulfur 
suggests a source rich in sulfate sulfur. Oceanic sulfates have a mean ratio of 
21.76 and evaporite deposits of 21.80 (3). It is possible that such sulfates 
could have been trapped in sediments during deposition, either by absorption 
or simply by being caught up in pore spaces, or else evaporite deposits could 
have supplied the source of sulfate. However, sulfates are not easily reduced 
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TABLE VII 


SuLFuR Isotropic RATIOS IN COUNTRY ROCKS 


Sample No. Description | S§82/Ss | gto 
S 16 Fine grained dark tuff containing disseminated Pyrite. 22.14 | 3.3 
$17 | White soda rich flow (?) rock containing abundant disseminated 
pyrite 22.23 —0.9 
S 20 | Siliceous volcanic close to B-2 ore zone, and containing some | 
| pyrite. | 21.94 12.2 
S 22 Siliceous volcanic containing pyrite. | 21.96 11.3 
R.R. Siliceous volcanic containing pyrite. | 21.97 10.8 
S 24 Siliceous volcanic interbedded in basic types. | 21.88 14.9 
S 28 Siliceous volcanic, highly sheared. 21.97 | 10.8 
S 30 Quartz-felspar porphyry containing coarse disseminated pyrite, | 
obtained from near station. 21.98 | 10.4 
S 32 Quartz-felspar porphyry containing sulfide in B-2 zone. 22.03 8.1 
340-255’ | Disseminated sulfide in porphyry in B-2 zone. | 21.98 10.4 
350-118’ | Disseminated sulfide in porphyry in B-2 zone. 21.78 | 19.4 
S 25 | Basic volcanic rock containing pyrite and pyrrhotite. | 22.23 —0.9 
S 26 | Basic volcanic containing pyrite and pyrrhotite 21.78 | 19.4 
$2 | Basic volcanic containing pyrite and pyrrhotite 22.20 | 0.5 
$5 Quartz ‘‘eye’’ sediment. | 2201 | 9.0 
S4 Fine chlorite rock containing coarse pyrite. | 22.04 | 7.7 
$ 12 | Quartz ‘‘eye”’ rock with quartz veins and pyrite; unlikely syn- | 
genetic 21.84 16.7 
S 29 Sulfide disseminated in chloritic rock in B-2 zone. 21.99 | 99 
429-260’ | Pyrite and chloritic material in iron formation. | 21.83 | 17.1 
58-89 Pyrite in pink gneissic granite | 21.84 | 16.7 
58-91 Pyrite in pink gneissic granite. 


21.99 | 9.9 


to sulfides except in the presence of carbon at temperatures above 600° C. 
It is postulated that organic carbon present in the sediments was responsible 
for this reduction. Evidence that this reaction is possible is the presence of 
graphite in mineralogical specimens and carbon dioxide (up to 15%) in the 
sulfur dioxide analyzed on the mass spectrometer. Graphite is a common 
accessory mineral in the Brunswick Mining and Smelting ore as well (11, 1), 
and generally throughout the district. It is considered to be excess carbon 
remaining after the reduction has taken place. However, the temperatures 
at which this reaction is possible are higher than those expected from the 
regional metamorphism (albite-epidote grade of the greenschist facies) but 
close to those estimated for ore deposition, (555° to 605° C, by Benson (4) 
and 515° to 550° C, by Arnold (2) ), so that the most favorable place for the 
reduction to occur is at depth during the creation of a magma or during the 
process of granitization, from which the ore-bearing solutions could be 
expelled. 

The narrow spread in ratio values not only for Heath Steele, but for all 
the New Brunswick massive sulfide bodies (21) is best interpreted on the 
basis of a deep-seated homogeneous source. An interesting calculation can 
be made about the temperature of this source. If it is assumed that the 
sulfide bodies are derived from a rock containing both sulfide (higher ratio) 
and sulfate (low ratio), then as this rock is forced down in the keel of a 
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geosyncline the temperature will gradually be raised so that the enrichment 
factors, assuming equilibrium conditions, for the exchange reaction: 


S#O 4 + S82 = S20,” + S31 
will approach unity as follows (16). 


At 100° C Fractionation factor = 1.058. 
At 500° C Fractionation factor = 1.016. 
At 700° C Fractionation factor = 1.010. 
At 900° C Fractionation factor = 1.006. 


If it is then assumed that the lowest ratio present in the ore is formed 
from original sulfate and the highest ratio from original sulfide, then an 


enrichment factor (fractionation factor) can be obtained for the Heath Steele 
sulfides : 


S*/S® in sulfate 0.045829 = 1.009 
S*/S® in sulfide 0.045413 wor 





As equilibrium conditions were very unlikely it is possibly fortuitous that 
this indicates a temperature between 700° and 800° C or about the tem- 
perature at which large scale reduction of sulfate would occur, and prevent 
further exchange and homogenization. 

The sulfur isotopic results show a relationship between the ore bodies 
and the granites. Thus the ratios of the sulfides found in the gneissic granite 
(21.99 and 21.84) close to Heath Steele lie within the ore range (21.82- 
22.02), and the ratios of the sulfides in the intrusive granites in the Bathurst 
area (22.13 and 22.24) are within the ore zone range of the fissure deposits 
in the Silurian rocks of 21.90-22.22 (20). It is possible that the differences 
between the massive sulfide deposits in Ordovician rocks and the fissure de- 
posits in Silurian rocks can be accounted for by variations in the relative 
amounts of sulfate and sulfide in the source rocks, or possibly a change in the 
ratio of the ocean from which the sulfate was derived. 


CONCLUSIONS 


It appears then that a magmatic hydrothermal origin is most favored by 
the isotopic results. However, it must be admitted that all the writer has 
done is to take a source bed and bury it until suitable temperatures are reached 
to cause reduction of the sulfates, mobilization of the resulting sulfides, and 
granitization of the original rock. The source of metallic ions is easily found 
in a volcanic provence such as must have existed during the Ordovician, and 
could have been added to the ocean basin in many ways to be trapped in the 
source rock along with the sulfate. 

YALE UNIVERSITY, 

New Haven, Conn., 
July 20, 1959 

Present address : 

RHODESIAN SELECTION Trust Mine Services Lp. 
NorTHERN RHODESIA 
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COMPOSITIONAL VARIATION OF ALKALI FELDSPARS IN 
SOME INTRUSIVE ROCKS NEAR GLOBE-MIAMI, 
ARIZONA 


FREDERICK J. KUELLMER 


ABSTRACT 


Approximate compositional determinations were made by means of 
X-ray study of the (201) spacings of heated alkali feldspars. Of 32 alkali 
feldspar specimens from the Lost Gulch quartz monzonite, 17 from within 
the areas of moderate hydrothermal alteration average 93 weight percent 
orthoclase (Or/Or + Ab + An), whereas the remaining specimens, from 
outside the moderately altered areas, contain only 83 weight percent ortho- 
clase. Likewise, alkali feldspar specimens (7) from within the moderately 
altered area near the Inspiration lobe of the Schultze granite have an 
average bulk composition of Ors, and Schultze granite and Inspiration- 
lobe feldspar specimens (21) from outside the area of moderate alteration 
have an average bulk composition of only Ors. Primary magmatic crys- 
tallization differentiation, or hydrothermal crystallization or recrystalliza- 
tion appears to be a plausible hypothesis to explain these compositional 
differences. Such compositional variations suggest again a _ genetic 
relationship between magmatic crystallization and ore concentration. 


INTRODUCTION 


RECENT studies of alkali feldspars by Bowen, Goldsmith, Laves, MacKenzie, 
J. V. Smith, and Tuttle have shown considerable structural and compositional 
variation. Most orthoclase feldspars are perthitic on some scale ranging from 
microscopic to X-ray and possibly even finer. The two phases comprising 
perthitic feldspars, one potassium-rich and the other albitic, may be made 
homogeneous by adequate heat treatment and the resulting homogeneous 
feldspar composition can be determined by X-ray measurement of the lattice 
spacings. 

In the Cordilleran region, there are abundant shallow-depth Tertiary and 
Cretaceous granitic rocks, many of which are intimately associated with ore 
deposits (2, 4,5). Many of these rocks contain, as a conspicuous constituent, 
large optically homogeneous alkali feldspars which, on the basis of the recent 
feldspar studies, probably are cryptoperthites. In addition, in the ore districts, 
alkali feldspars occur as alteration products or as hydrothermal minerals 
(11, p. 168). 

As a result of study of alkali feldspars in a great many porphyries of the 
Southwestern United States, it is apparent that feldspars show considerable 
compositional and structural variation even in small homogeneous intrusives, 
and that such variation in many cases is not independent of the protore dis- 
tribution (3). Data presented here show what is believed to be a noteworthy 
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variation in alkali feldspar composition correlative with known areas of mod- 
erate hydrothermal alteration in the Globe-Miami area of Arizona. 

Detailed geologic studies by Peterson (7, 8, 9, 10) demonstrate that the 
sequence of intrusives from which samples have been obtained is as follows: 
Lost Gulch quartz monzonite, the oldest, followed by the granite porphyry 
and the Schultze granite, both of approximately the same age. The granite 
porphyry, which is included with the Schultze granite in Figure 1, occurs 
predominantly along the margins of the Schultze granite near the Inspiration- 
Miami mining area and may represent only a contact facies of the granite. 
Tentatively, the intrusives are believed to be of Late Cretaceous or Early 
Tertiary age (8, p. 124). Soon after the intrusions, extensive copper mineral- 
ization took place. All the geologic data, other than the feldspar compositions 
shown in Figure 1, are copied from Peterson’s published studies. 

Within each of the three areas of moderate hydrothermal alteration (out- 
lined in Fig. 1), there are major copper-producing mines: (1) the Copper 
Cities mine, the northernmost; (2) the Castle Dome mine, the westernmost ; 
and (3) the Miami-Inspiration mines, closest to the city of Miami. This 
does not imply that all the alteration within these areas is only moderate, or 
that secondary enrichment was not important in producing ore. For addi- 
tional petrographic and structural details, the reader should consult Peterson’s 
studies, cited above. 


PROCEDURE 


Large hand specimens of the granitic intrusives were obtained throughout 
the area and their locations plotted on topographic maps, following the advice 
and suggestions of Peterson and with the generous assistance of mining com- 
pany officials. Fresh alkali feldspars were handpicked from the igneous rocks, 
which are predominantly coarse grained and porphyritic, with careful and 
repeated sorting of feldspar material. For some of the specimens, the pre- 
liminary picking and sorting were followed by heavy-liquid separation. Feld- 
spar compositions, given in Figure 1 in the weight percent of the orthoclase 
(KAISi,O,) content of the total orthoclase-albite-anorthite composition, were 
determined by measuring the (201) spacing of the heated alkali feldspars (12, 
p. 10). Feldspar samples ground to less than 325 mesh were heated to 1,050° 
C for at least 48 hours. According to Orville (6, p. 208), although dry heat 
treatment of this nature is not sufficient to sanidinize the perthitic feldspars, 
sufficient homogenization takes place so that the (201) reflection can be used 
as an indicator of composition. This was verified by heating various artificial 
mixtures of spectrographically analyzed sanidine, microcline, and albite. In 
general, the spectrographic analyses are 7 weight percent or less lower in 
orthoclase content. Both sets of data are consistent except for three deter- 
minations. Such a difference might be expected as a consequence of the 
accuracy of the spectrographic analyses, the accuracy of the (201) position as 
a composition indicator, and the nature of the analytical methods; i.e., the 
spectrograph would determine the Na and Ca content of the plagioclase phase 
of the perthite as well as of any inclusions of foreign plagioclase, whereas 
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Fic. 1. Outline geologic map of the Lost Gulch quartz monzonite and the 
Schultze granite, taken from Peterson’s data (7, 8, 9, 10), and showing composi- 
tional variation of the alkali feldspars. See text. 


heat treatment of plagioclase inclusions might not noticeably affect the (201) 
composition determination. For the above reasons, the orthoclase weight 
percentages in the alkali feldspars are believed accurate to within a minus 7 
percent. The (201) spacings were measured with a Norelco high-angle 
goniometer diffractometer, using internal standards (KBrO,; in some of the 
earlier runs, NH,H,PO,), and were measured to 0.005° of 26 for nickel- 
filtered copper radiation. The feldspar bulk compositions are plotted in 
Figure 1 near a small circle indicating the sample locality. Five specimens 
from the Lost Gulch quartz monzonite showed a small quartz (1010) reflection 
after the heat treatment, which remained in spite of numerous attempts to 
obtain a purer sample, so that the bulk composition could be determined only 
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as greater than about 95 weight percent orthoclase. In Figure 1, these esti- 
mated compositions are indicated by the symbol > 95Q, and in Figure 2, by 
the black dots. 
RESULTS 

For each rock unit, specimens from in or close to the areas of moderate 
hydrothermal alteration, as outlined by Peterson, contained a significantly 
greater KAISi,O, content than the orthoclase feldspar samples obtained out- 
side these areas. The Lost Gulch quartz monzonite specimens, 32 in number, 
have an average bulk composition within the ore areas (which here means 
areas of moderate hydrothermal alteration) of 93 weight percent orthoclase, 
and outside the ore areas an average composition of 83 weight percent. The 
Schultze granite feldspars, including those from the granite porphyry of the 
Inspiration lobe, on the basis of 28 specimens, have an average bulk composi- 
tion of 85 weight percent orthoclase in the ore areas, and an average bulk 
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Fic. 2. Compositional variation of alkali feldspars within the altered zones and 
as a function of distance from the nearest edge of a moderately altered area. 


composition elsewhere of 78 weight percent. From visual inspection of 
Figures 1 and 2, and from the statistical summary in Table 1, it is apparent 
that these differences are significant and probably of importance for igneous 
petrology as well as for ore distribution and genesis. The average bulk 
composition of the Schultze granite and Inspiration lobe samples is 80 weight 
percent orthoclase (KAISi,O,), and for the Lost Gulch quartz monzonite 88 
weight percent, in the orthoclase feldspars. 

Preliminary X-ray diffractometer studies, during heat treatment to about 
700° C, demonstrate that the perthitic orthoclase feldspars (perthitic on an 
X-ray scale) from the ore areas remix and become homogeneous more com- 
pletely and sooner than feldspars from the nonore areas, with the possible 
exception of the specimens from the Castle Dome mining area and surround- 
ings. Four feldspar specimens from the Lost Gulch quartz monzonite mass 
near the Castle Dome mining area all remix very readily, so that the slight 
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TABLE 1 
STATISTICAL SUMMARY OF THE COMPOSITIONAL DATA* 


Number Mean S.D Difference S.D. of 
of samples Or & iri olf means means 
Lost Gulch qz. monz 
altered area 17 93 3.97 
* ‘ nits 10 1.82 
non-altered area 15 83 5.97 
Inspiration lobe and Schultze granite 
altered arez 7 85 7 " 
1it¢ ifea 4 — —_ 7 1.89 
non-altered area 21 78 4.56 


*S.D. refers to the standard deviation. The fact that the difference of the means is more 


than five times greater, in one case, and nearly four times greater, in the second than the standard 
deviation of the means, makes it highly unlikely that the compositional differences could be the 
result of random sampling of a single compositional group. 


differences may not be real in this case. Such rapid remixing suggests a 
higher temperature state for orthoclase feldspars within the areas of moderate 
hydrothermal alteration. However, additional study, now in progress, is 
necessary in order to substantiate this suggestion. 


INTERPRETATION 


The difference in average bulk composition of orthoclase feldspars from 
the Lost Gulch quartz monzonite and from the Schultze granite and Inspira- 
tion lobe samples, on the basis of study of laboratory systems (12) and the 
known relative ages of these rocks, provides additional evidence favorable 
to a comagmatic origin by means of fractional crystallization for these in- 
trusives (7,8, 9, 10). 

Two hypotheses concerning the origin and significance of the alkali feldspar 
compositional variations are considered here, without extensive review of 
magmatic differentiation, ore genesis, hydrothermal alteration, and ore-form- 
ing fluids, which have been adequately treated elsewhere (1, 2, 4, 5, 11). 
First, are these compositional differences the result of primary crystallization 
differentiation, or second, are they the result of a secondary compositional 
adjustment of primary crystals during a hydrothermal stage in addition to 
crystallization during the hydrothermal stage? 

The suggestion that the orthoclase feldspars from within the ore areas 
are in a higher temperature state than those from the surrounding areas applies 
equally well to both hypotheses. As the potash-rich phases should crystallize 
first and at a higher temperature from a potassic feldspar melt (12), the 
first hypothesis is tenable. The slight differences in the rate and ease of re- 
mixing or homogenization for feldspars from the Lost Gulch quartz mon- 
zonite near the Castle Dome area provide additional evidence that these com- 
positional variations are primary. However, with rapid crystallization, in 
accordance with Ostwald’s law, it is also possible that the higher temperature 
state of the orthoclase feldspar might form metastably at a lower temperature 
in the hydrothermal range. 

One might also ask why a relationship should exist between early formed 
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higher temperature potash feldspars and a very late ore-forming fluid or 
hydrothermal stage. An explanatory model known for many years (1, 2, 
4, 5) might be as follows: 1. During magmatic crystallization the residual 
fluid becomes enriched in volatiles. 2. Ultimately the volatile pressures may 
exceed the confining pressure and fracture the surrounding rock. Such vola- 
tiles may or may not transport ore-forming materials, and may or may not 
alter rocks. 3. That part of the surrounding rock which fractures must be 
solid, or brittle enough to be broken. 4. The earliest formed part of the 
crystallizing igneous rock might be solid or brittle enough to be fractured by 
the time the volatile content in the residual fluid was great enough to brecciate 
its surroundings. 

For the present, sufficient data are not available to evaluate the foregoing 
hypotheses adequately. The data show, however, that considerable min- 
eralogic variation may exist even within homogeneous igneous rocks. Also, 
the data provide increased support for the idea of a genetic relationship be- 
tween magmatic crystallization and ore concentration. 
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ABSTRACT 


The Biwabik iron-formation in the Eastern Mesabi district, the type 
locality for taconite, consists of interbedded strata of two fundamental 
or basic types, namely massive and thinly bedded. The most significant 
difference between the various taconite rock types is merely the relative 
abundance and mineralogy of these two types of strata. On this basis, 
five general groups of taconite are proposed. The assignment of a specific 
rock name to a given rock type, such that it clearly indicates the mineral- 
ogy and relative abundance of each of the two kinds of strata, is impossible 
by use of conventional classification methods. Consequently, a simple, 
although somewhat unorthodox, classification scheme is proposed and is 
illustrated. 


INTRODUCTION 


ALTHOUGH the Biwabik iron-formation in the Eastern Mesabi district, the 
type locality for taconite, has been substantially metamorphosed, its relic sedi- 
mentary stratification is apparent almost everywhere. The rocks of the iron 
formation can be classified according to a number of generalized classifications 
depending upon the purpose for naming these chemical sediments. Most of 
the iron formation throughout the entire Mesabi range consists primarily of 
four main mineral groups: quartz (and chert), iron-rich silicates and carbon- 
ates, and iron oxides. The gross mineralogy of the Eastern Mesabi district 
is simple, consisting essentially of magnetite, quartz (and chert), and iron-rich 
silicates. On the Main Mesabi range most of the silicates are minnesotaite, 


1 Publication authorized by the Director, Minnesota Geological Survey. 
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stilpnomelane, and greenalite, all of which are difficult to recognize in hand 
specimen because of their fine grain size. The most abundant silicates found 
at the type locality are cummingtonite, ferrohypersthene, fayalite and lesser 
amounts of calcium-bearing ferrous silicates, all of which are commonly suf- 
ficiently coarse grained to be recognized with the hand lens. In the general 
classification presented below, silicates are considered as a group but where 
recognized the appropriate mineral name should be used in naming a specific 
rock type. 

The fact that any of the minerals of the taconites from the type locality 
can occur in any of a variety of relic sedimentary structures, and that within 
each of these structures, can vary in abundance from near zero to nearly 100 
percent, greatly complicates the task of lithologic classification. For example, 
a “magnetite-silicate-quartz rock” can refer equally well to a homogeneous 
rock containing all three minerals; or a rock containing layers of magnetite 
and of silicate and quartz; or clusters of grains of magnetite and silicate in 
a quartz rock; or numerous other possibilities. Results of beneficiation tests 
also indicate that the concentrating characteristics of the magnetic taconites 
are closely related to the general type under consideration. The wide variety 
of rock types of somewhat similar mineralogy make it apparent that a work- 
able, yet detailed, classification is needed for the Eastern Mesabi taconites to 
help predict their beneficiation characteristics, as well as to aid in the recog- 
nition and unique description of the numerous stratigraphic units of the 
formation. 

The classification of Mesabi range taconites in general has been discussed 
by Gruner (2, p. 32) and recently by White (7, p. 7). Gruner’s classifica- 
tion is simple and easy to apply, but as far as the rocks on the Eastern Mesabi 
range are concerned, his scheme is too inclusive to be distinctive. White’s 
classification is more complicated and is difficult to apply to the rocks of 
the type locality. 

The writer’s classification of the Biwabik iron-formation taconites is es- 
sentially an expanded but more specific version of Gruner’s scheme and it 
also takes advantage of some of the useful concepts employed by White. It 
is based upon the features actually present in the rock and not upon the 
absence of certain features. It is consistent regardless of the mode of ex- 
amination of the rock such that additional information attained by microscopic 
study will merely augment the rock name but will not change the basic taconite 
name. 

This classification was developed during a study of the stratigraphy and 
mineralogy of the taconites at the type locality (3). This work was sup- 
ported by two Reserve Mining Company research fellowships, for the years 
1955 to 1957, at the University of Minnesota and by the Minnesota Geological 
Survey, Dr. G. M. Schwartz, Director. 


USE OF THE WORD TACONITE 


Gruner (2, p. 7) states: “The earliest descriptions of taconite were from 
the East Mesabi district . . . the part of the (Mesabi) range east of Mesaba. 
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Davis (1, p. 282) presents an interesting review of the name taconite. 
The first step in the development of the name ‘taconite’ was made by N. H. 
and H. V. Winchell (9, p. 113) who made the mistaken correlation of the 
rocks of the Biwabik and Gunflint iron formations as being of Taconic (lower 
Cambrian) age. H. V. Winchell (8, p. 124) first uses the word taconyte 
as a rock name to describe certain basal parts of the iron formation on the 
Mesabi Range and shortly afterwards, Spurr (6, p. 248) used the word for 
any iron-bearing rock. Near the turn of the century, the spelling became 
firmly established as ‘taconite.’ Through common usage, the word taconite 
has since been extended to include all rocks of the Biwabik iron formation 
except the oxidized ores (2, p. 5). 

Taconite has also been used colloquially as a rock name to describe the 
rocks from other stratified Precambrian sedimentary iron-formations of the 
world, although other names such as ‘iron-formation’ have been specifically 
used as rock names. Because there are probably few iron formations of the 
world that are metamorphosed to the extent of the rocks of the Eastern Mesabi 
district, it would seem that few are sufficiently similar petographically to those 
at this type locality to warrant the rock name taconite. It is not the purpose 
of this paper, however, to discuss to what rocks outside the type locality the 
rock name taconite should be applied. The rock name has proven so useful 
that it would be virtually impossible to restrict the name to the rocks of the 
Eastern Mesabi Range. The writer agrees that the manner in which Gruner 
(2) has employed the term seems best suited to name the rocks of stratified 
Precambrian iron-formations that contain significant amounts of iron-bearing 
silicates, carbonates, and oxides without restrictions as to whether the rocks 
are sediments or metasediments, or if they are fresh or partially oxidized. 
In the following text, the word taconite will be used in a general sense in 
describing the rocks of the iron formation but when it is used as a rock name 
it will be written taconite. 


DEFINITION OF TERMS 


The Biwabik and other similarly stratified iron formations have con- 
sistently been called, and probably will continue to be called, “banded iron 
formations.” Everyone recognizes that these stratified formations have only 
a “banded structure,” which is apparent when looking at the stratification in 
cross section in an outcrop or in a core specimen. Many use the word “band,” 
a two-dimensional surface, when they mean to use layer or bed, a three-dimen- 
sional tabular body. Consequently, the words “bands,” “banded,” and “band- 
ing” are not used in the proposed classification. 

There are no slates, rocks possessing slaty cleavage or the implied com- 
position, among the metamorphosed iron formation rocks at the type locality. 
Similarly, geologists have recognized the fact that there are no slates among 
the rocks of the Biwabik formation in other parts of the Mesabi range. 
Nevertheless, the words “slate” and “slaty” are persistently used, merely to 
indicate the dominance of thin beds, despite the fact that the connotations con- 
cerning structure and composition usually connected with these words do not 
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apply. In the present classification, words other than slaty will be employed 
to indicate the presence and abundance of thin-bedded strata within the 
formation. 

There seems little doubt that nearly all of the quartzose layers of the iron 
formation once consisted of fine-grained silica, probably chert. If the defini- 
tion of chert is restricted to amorphous chalcedony and crypto-crystalline 
quartz, then chert is rare in the Eastern Mesabi district. As a compromise 
to avoid losing the use of two useful mineral names, bedded silica that is 
easily resolvable with a 10 X hand lens as distinct grains (mostly about 0.1 
mm diameter) is called quartz and more finely crystalline or microcrystalline 
quartzose material is called chert. 


STRATIFICATION STRUCTURE OF TACONITE 


The Biwabik iron-formation on the Eastern Mesabi range consists mainly 
of two distinctly different kinds of strata, here defined as bedded taconite- 
strata and massive taconite-strata, that are interbedded to form almost all 
of the iron formation. Both kinds of strata are schematically illustrated in 
Figure 1. Although both types of strata are bedded in the true sense of the 
word, bedded taconite-strata includes the beds that are responsible for the 
obvious layered or stratified aspect of the formation. These beds generally 
contain most of the iron oxides of the formation, although there are important 
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Fic. 1. Simplified sketches of the five general types of taconite, showing 
generalized distribution of bedded and massive taconite-strata. 
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exceptions. All of the “bands” and many of the “slaty beds” of older classi- 
fications correspond to this type. In contrast, massive taconite-strata are the 
layers or beds that are massive in the sense that they are normally devoid 
of any internal stratification. These strata would include the massive layers 
of “silicate taconite” and “cherty taconite” of existing schemes. Both types 
of strata may range in thickness from almost zero to several meters but the 
great majority of individual layers are less than 15 cm. 

In most instances, the most apparent difference between the rock types 
of the formation is the average thickness and abundance of one kind of strata 
relative to the other. This significant feature is the ultimate basis for naming 
the general types of taconite. 


CLASSIFICATION OF TACONITE 


Five general types of taconite are proposed in this classification, depend- 
ing upon the relative abundance of the bedded taconite-strata that are inter- 
bedded with massive taconite-strata. By definition, these types are: 


Type 1: massive taconite consists’ almost entirely of massive taconite- 
strata with from zero to about 10 percent by volume of bedded 
taconite-strata. 


Type 2: layered taconite consists primarily of massive taconite-strata inter- 
bedded with about 10 to 40 percent by volume of bedded taconite- 
strata. 

Type 3: laminated taconite contains about 40 to 60 percent by volume of 
bedded taconite-strata with the balance consisting of massive 
taconite-strata. 

Type 4: shaly bedded taconite contains about 60 to 90 percent by volume 
of bedded taconite-strata with massive taconite-strata composing 
the rest. 

Type 5: shaly taconite consists almost entirely of bedded taconite-strata 


with from zero to about 10 percent by volume of massive taconite 
strata. 


It is clear from the above definitions that words connotating structural 
features are incorporated into the general rock names, as has been done in 
other taconite classifications, e.g. “banded taconite.” Unfortunately, these 
words are not mutually exclusive because, for example, the shaly bedded rocks 
are certainly both laminated and layered. The particular structural prefixes 
were selected to best distinguish among the general bedding features shown 
by the rocks. Therefore they must be recognized only as convenient com- 
parative prefixes used to designate a particular general group of taconites. 

Briefly, the mineralogy of the massive taconite-strata determines the basic 
rock name of the specific taconite types. The mineralogy of the bedded 
taconite-strata is also incorporated into the rock name by means of parentheses 
immediately following the structural prefix portion of the rock name, as ex- 
plained in later sections. Petrologists may have valid objections to such 
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TABLE 1 


Volume percent 
of bedded 


General laconile types taconite-strata Specific taconite rock names 
1. massive taconite 0 to 10 C—D taconite 
2. layered taconite 10 to 40 layered (A—B) C-—D taconite 
3. laminated taconite 40 to 60 laminated (A—B) C-—D taconite 
4. shaly bedded taconite 60 to 90 shaly bedded (A—B) C-—D taconite 
5. shaly taconite 90 to 100 shaly A—B taconite 


composite rock names but there seems to be no alternative for rocks as com- 
plex as taconites. 

The general scheme of classification is summarized in Table 1 and is 
illustrated in Figure 1. Without being specific, assuming that the mineralogy 
of the massive taconite-strata consists dominantly of mineral D and lesser 
amounts of mineral C, and similarly, that the bedded taconite-strata consists 
mainly of mineral B and lesser amounts of mineral A, then Table 1 also shows 
the simple scheme used in naming the specific taconite types. In general, the 
mineralogical compositions of the most common varieties of massive, and 
bedded, taconite-strata are as shown in Figure 2a. 

At this point, it is clear that a systematic method is necessary for stating 
mineralogy of the massive taconite-strata that is to be used as the root name 
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Fic. 2. Mineralogical varieties of taconite. Diagram (a) shows the most 
common range in mineral composition of massive and bedded taconite-strata. Dia- 
grams (b) and (c) designate the mineralogical varieties of massive taconite and 
massive taconite-strata. 
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of the specific rock name, i.e. C-D taconite in the abstract examples listed 
above. By definition, this method is identical to that proposed for the min- 
eralogical subdivision of the general class of massive taconite, Type 1, pre- 
sented below. Details of forming the specific rock names of each of the general 
taconite types is discussed in the following sections. 

Type 1: Massive Taconite-—The rock name massive taconite includes a 
general class of taconites that consist of massive taconite-strata and similar 
rocks containing up to 10 percent by volume of bedded taconite-strata ; con- 
sequently, these rocks show little or minor internal stratification, but they 
commonly contain abundant granule structures. In general, other internal 
structures are not sufficiently significant or abundant to be included in the 
specific rock name, but a few exceptions are discussed at the end of the paper. 

Designation of the mineralogical subdivisions of massive taconite is facili- 
tated by the use of the end-member concept proposed by Pettijohn (5, p. 187). 
A concise discussion of the use of the fundamental tetrahedron in end-member 
classifications is presented by Krumbein and Sloss (4, p. 115). Depending 
upon their mineralogical composition (assuming 100 percent end-members ), 
the four possible basic varieties of massive taconite are indicated in Figure 2b. 

Because of the absence of carbonate rock, especially of the siderite-rich 
rock that occurs on the Main Mesabi range, all of the intermediate varieties 
of massive taconite occurring in the Eastern Mesabi district lie in the mag- 
netite-quartz-silicate plane of the tetrahedral diagram. This plane is redrawn 
as Figure 2c. The varieties that are intermediate to the end-member types 
have been divided on the basis of arbitrary limits which are convenient for 
differentiating among the Eastern Mesabi taconites. 

In applying a rock name to a specific variety of this general taconite group 
the mineralogical prefix indicated in Figure 2c is substituted for the word 
“massive”; for example, silicate-quarts taconite if the mineralogy of the 
rock lies in the silicate-quartz “field” of the diagram. 

The most abundant varieties lie between the quartz taconite and silicate 
taconite end-member types and can contain up to 20 percent by volume of 
disseminated magnetite or magnetite in granules. Massive taconites con- 
taining between 20 and 50 percent by volume of magnetite are encountered 
locally but those containing more than 50 percent of magnetite by volume 
are rare. 

Type 2: Layered Taconite-—Use of the rock name layered taconite defines 
a general group of rocks containing 10 to 40 percent by volume of bedded 
taconite-strata interstratified with massive taconite-strata without any desig- 
nation as to the mineralogy of the rock. 

The bedded taconite-strata of this group consist dominantly of magnetite- 
rich layers and lamellae that commonly show a variety of thicknesses, as well 
as groups of these beds. Most of the individual layers range from 1 mm to 
2 cm but groups of layers commonly reach 4 to 5 cm in thickness. The 
interstratified massive taconite-strata normally range from about 4 to 20 times 
the average thickness of the magnetite-rich layers but are mostly about ten 
times as thick. 
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Upon recognition of the mineralogy of each of the strata types, specific 
rock names for this second general type of taconite can be made according to 
the scheme previously outlined. For example, if the bedded taconite-strata 
consists of magnetite with subordinate amounts of silicate, and the mineralogy 
of the massive taconite-strata lies within the quartz “field” of Figure 2c, then 
the specific rock name is layered (silicate-magnetite) quartz taconite. 

All of the above mentioned general and specific rock names are defined 
to contain mostly bedded taconite-strata that have well- and regularly-bedded 
layers, generally of uniform thickness. Many types of rock belonging to 
this class, however, are rather irregularly bedded and commonly contain 
lenticular layers that locally split and join other layers. Where appropriate, 
and necessary for detailed logging or description, this general variety of 
layered taconite is described as wavy layered taconite, which is of course 
subject to more detailed mineralogical designation according to the scheme 
described above. 

Type 3: Laminated Taconite——The rock name laminated taconite desig- 
nates a general class of rocks that contain 40 to 60 percent by volume of bedded 
taconite-strata with the balance consisting of massive taconite-strata but does 
not indicate the mineralogy of the rocks. 

The bedded taconite-strata of this group typically consist of laminated 
zones of closely-spaced, magnetite-bearing lamellae that tend to be of nearly 
equal thickness, normally averaging from about 0.5 to 2 mm in thickness. 
The laminated zones commonly contain significant amounts of quartz (or 
chert) and silicates, and they generally range in thickness from 1 to 15 cm 
but most of them are less than 5 cm. 

Specific rock names for this general group of taconite are obtained in the 
manner outlined in the previous section. Therefore, if the bedded taconite- 
strata consisted mainly of magnetite and some silicate interbedded with 
massive taconite-strata of chert, the specific rock name is laminated ( silicate- 
magnetite) chert taconite. 

The laminated zones of this group of rocks are implied to be regularly 
bedded and of fairly uniform thickness. In some places, however, the lami- 
nated zones are somewhat irregularly bedded and locally less uniform in 
thickness and the general rock name wavy laminated taconite is suitable in 
these cases. 

Type 4: Shaly Bedded Taconite—The rock name shaly bedded taconite 
defines a general group of rocks that consists of 60 to 90 percent by volume 
of bedded taconite-strata interstratified with subordinate amounts of massive 
taconite-strata, without designation of the mineralogy. Rocks consisting of 
more than 80 percent of magnetite-bearing bedded taconite-strata are uncom- 
mon on the Eastern Mesabi range. 

There is a great deal of difficulty in selecting a lithologically correct name 
to describe the abundance of thin beds and lamellae throughout this group of 
rocks. The magnetite in the bedded taconite-strata is sparsely disseminated 
within uniform lamellar layers, averaging 1 to 2 mm thick, along with sig- 
nificant amounts of quartz and silicates. These thin beds are typically inter- 
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layered with quartz- and silicate-rich lamellae of similar thickness to form 
collectively laminated zones that range in thickness from 1 to 60 cm, most 
of which are less than 15 cm. Consequently, these abundant bedded taconite- 
strata are similar in their stratification structure to a shale; hence, the struc- 
tural prefix “shaly bedded” in the rock name. It must be emphasized that 
the taconites of the Biwabik iron-formation are not even remotely similar to 
shales in composition, nor do they possess a shaly structure or parting. The 
phrase, shaly bedded, is used merely as an allusive prefix to distinguish it 
from other varieties of stratified iron formation. The interstratified massive 
taconite-strata are mostly from 1/20 to 2 times the average thickness of the 
laminated zones of bedded taconite-strata. 

The naming of specific varieties of this group of taconites is identical to 
the scheme followed in the earlier sections. For instance, shaly bedded (mag- 
netite-silicate) quartz taconite indicates a taconite of this type that contains 
bedded taconite-strata consisting of silicate and some magnetite and massive 
taconite-strata consisting of quartz. In the Eastern Mesabi district, the 
bedded taconite-strata are nearly always regularly bedded and uniform in 
thickness and, therefore, ‘““wavy bedded” varieties are not common. 

Type 5: Shaly Taconite——The rock name shaly taconite defines a general 
group of taconites that consist of bedded taconite-strata and similar rocks 
containing up to 10 percent by volume of massive taconite-strata. 

The stratification of this group of rocks is rarely as pronounced as in the 
preceding three general types of taconite because of the normal lack of mag- 
netite-rich beds and lamellae. Shaly taconite is perhaps best visualized as a 
special variety of silicate-rich massive taconite that has a distinct thin-bedded 
aspect despite the absence of magnetite-rich layers and lamellae. There is 
sufficient segregation of silicate, quartz and locally graphitic material into 
somewhat concentrated, yet diffuse, regularly-bedded lamellae and thin layers 
to produce the overall shaly aspect throughout the rock. Because of the 
lack of distinct layers that are appreciably different mineralogically from their 
surroundings, the usual naming method of placing the dominant mineralogy 
of the bedded taconite-strata in parentheses is not applicable. Instead, this 
general type of taconite is mineralogically classified in the same manner as 
massive taconite, according to Figure 2c, and the structural prefix “shaly” 
replaces “massive” in naming the general taconite type. In naming a specific 
taconite type of this group, the prefix “shaly” is retained to distinguish it 
from mineralogically similar types. Therefore, shaly quarts-silicate taconite 
defines a rock that has a mineralogical composition that lies in the quartz- 
silicate “field” of Figure 2c, but which also is distinctly internally stratified 
throughout. In detailed logging of core, the general rock name magnetic shaly 
taconite was found to be useful in noting thin zones in the rock that were 
somewhat richer in magnetite. 





SPECIAL TACONITE TYPES 


Certain internal structural features occurring within massive taconite-strata 
constitute unique rock types. The rock naming scheme for these types again 
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employs a word that alludes to the structural feature, as a prefix to the basic 
rock name and is again followed by parentheses enclosing the dominant 
minerals of the particular feature. 

One such feature is the presence of relic algal structures, commonly out- 
lined by disseminated iron oxides, that appear only in massive taconite-strata. 
Therefore, algal (magnetite) quartz taconite indicates the presence of these 
structures outlined by magnetite within a quartz taconite. 

The presence of septaria structures, filled by quartz, within a quartzose 
massive taconite would be indicated by the rock name septaria (quartz) quartz 
taconite. 

The presence of globular to irregular clusters of mineral grains within 
massive taconite-strata normally produces a mottled rock. Consequently, 
quartzose massive taconite containing porphyroblasts of a silicate is named 
a mottled (silicate) quarts taconite. Similarly, taconite containing remnants 
of unreplaced quartzose material in a silicate-rich groundmass is called mottled 
(quartz) silicate taconite. 

Where granule structures are found, the granules commonly occur in 
random close-packing within the massive taconite-strata, thereby generally 
constituting about 60 to 70 percent of the rock volume. The finely dissemi- 
nated magnetite found in these dominantly quartzose, subspheroidal structures 
commonly does not exceed 10 to 15 percent of the granule volume. In some 
places the granules are sufficiently rich such that magnetite can constitute from 
20 to 50 percent of the total rock volume, in which case the name granule 
(magnetite) quartz taconite is justified. One particular stratigraphic unit of 
the formation locally contains abundant magnetite-rich granules that are segre- 
gated into laminated zones where the individual thin lamellae consist of 
closely-packed granules. This distinctive unit merits the name bedded granule 
(magnetite) silicate taconite. 

Conglomeratic beds, of both intraformational and extraformational origin, 
have been simply grouped as “conglomerates” in the older classifications. 
The rock name conglomerate normally implies a clastic rock type, which is 
misleading with respect to the beds found in the iron formation. The con- 
glomeratic features of either origin are simply small internal structures that 
have locally developed to a minor extent within taconite strata that are es- 
sentially chemical sediments. The conglomeratic fragments of a given bed 
rarely exceed 10 to 15 percent of the rock volume, with the exception of the 
basal layer of the formation. In the writer’s classification, the conglomeratic 
beds of both origins are distinguished as minor types of taconite. 

Numerous intraformational conglomerates have locally produced a pebbly 
fabric in many of the massive quartzose taconite-strata. If these pebbles, 
commonly magnetite-rich, constitute more than 20 percent of the rock volume, 
the name pebble (magnetite) quartz taconite has been found to be useful. The 
features of the pebbly fabric of these rocks, however, is often best treated in 
the descriptive text concerning the rock. 

In a few places, the presence of extraformational clastic fragments within 
the massive taconite-strata requires special names. Thus the presence of 
detrital material, for example sand-size grains of quartz within silicate-rich 
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zones of iron formation, is denoted by a name such as clastic sand (quartz) 
silicate taconite. Similarly, clastic pebble (quartz) silicate-quarts taconite 
correctly described the basal few feet of the iron formation. 


MINES EXPERIMENT STATION, 
UNIVERSITY OF MINNESOTA, 
July 16, 1959 
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MINERALOGY OF THE VEINS 
Hypogene Ores 


The mineralogy of the veins shows a notable contrast with that of the 
wall rock, yet there can be no doubt that wall-rock alteration and vein forma- 
tion were episodes in an essentially continuous process. As many as 35 
or 40 vein minerals have been recognized in each district, but many of these 
occur in small quantity and only 10 or 12 are abundant (Table 9). 

The five districts under review exemplify the major ore types of the 
Bolivian Andes, the tin and the tin-silver ores. The deposits of each type 
exhibit many points of similarity in mineralogy, yet the mineralization is 
varied in detail and is best summarized by reviewing each district separately. 

Llallagua.—The mineral sequence and complex textures of the Llallagua 
veins have been described in detail elsewhere (71). The initial stage in 
the formation of the veins was the deposition of crude crusts of quartz, fol- 
lowed by bismuthinite and cassiterite; many high-grade veins are composed 
almost entirely of these three minerals (Table 9). Wolframite also belongs 
to this early stage, its deposition closely following cassiterite. Tourmaline 
occurs here and there as microscopic needles in the vein quartz but is chiefly 
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TABLE 9. HYPOGENE VEIN MINERALS 


CENTRAL ORE ZONE 
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Potosi veins divided into two main types: (A) Tin-silver veins, 
(8B) Tin veins - Utne group. 


a product of rock alteration. Gordon (26, p. 295) lists apatite, which is 
locally abundant, and monazite among the early vein minerals. 

The second stage of deposition is represented by pyrrhotite and probably 
by franckeite as well. In the central tin-bearing area, where hydrothermal 
activity reached a maximum, the pyrrhotite has been widely replaced by 
minerals of later age, especially by pyrite, marcasite and siderite. However, 
residual grains and rods of pyrrhotite are widespread in the ore, and dis- 
tinctive patterns produced in the replacement of pyrrhotite offer additional 
testimony of its former abundance. The degree of pyrrhotite replacement 
is remarkable, and numerous veins of the central zone give evidence of attack 
throughout their known vertical extent. Considerable pyrrhotite remains 
in the marginal zone of low-grade ore. Franckeite is locally abundant and 
is a common microscopic constituent of the ore. It forms corroded plates, 
some of which are badly distorted, thin fibers, and plumose aggregates. It 
is probably an early mineral, but its precise age with respect to pyrrhotite is 
difficult to determine. 

The next event in the formation of the veins was the wholesale replacement 
of pyrrhotite, probably accompanied by some replacement of franckeite. The 
new minerals were deposited in two overlapping stages: (a) arsenopyrite, 
sphalerite and stannite, and (b) marcasite, pyrite, minor arsenopyrite, and 
siderite. These correspond respectively to the third and fourth stages of 
vein growth. 

In the replacement of pyrrhotite, the basal parting of that mineral exerted 
important control, and consequently many details of texture shown by the 
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later minerals have marked parallelism. Steplike grain boundaries, rows of 
pyrite grains, and angular inclusions of pyrrhotite may all show a uniform 
orientation and may thus outline original pyrrhotite grains up to several 
centimeters across. Complex pseudomorphs and other unusual patterns are 
common among the new mineral aggregates. 

Minerals of the third stage are widely distributed but not abundant in 
the high-grade ore. Arsenopyrite forms interstitial aggregates between pyr- 
rhotite plates and also replaces pyrrhotite. Stannite and sphalerite, which 
generally occur together, favor pyrrhotite grain boundaries and early mineral 
contacts ; they clearly show the influence of the pyrrhotite structure. 

The extensive alteration of pyrrhotite is expressed chiefly in the deposi- 
tion of marcasite and pyrite, the most abundant minerals of the fourth stage 
(71, p. 49-57). These minerals exhibit a number of interesting textures, 
the most distinctive of which is the open network. Numerous replacement 
veinlets first developed in the pyrrhotite, and the subsequent removal of the 
pyrrhotite between the veinlets produced the open network. As seen under 
the microscope, the veinlets or webs are composed mostly of pyrite, but some 
consist of a complex aggregate of arsenopyrite, pyrite, lamellar marcasite 
and concentric marcasite. Additional textures produced by replacement of 
pyrrhotite include: (1) abundant lamellar marcasite associated with cubes 
and grains of pyrite, (2) granular to euhedral pyrite with scattered rods and 
patches of pyrrhotite, and (3) concentric, slightly anisotropic iron sulfide in 
botryoidal and globular masses. 

Siderite is also a characteristic mineral of the fourth stage, formed as a 
by-product of the pyrrhotite alteration. It occupies the space between mar- 
casite lamellae, surrounds grains of pyrite, and forms numerous veinlets cut- 
ting the other minerals. Siderite deposition continued into the next stage 
of vein formation, in which it is closely associated with late sphalerite. 

Certain textures shown by pyrite and marcasite seem to be pseudomor- 
phous after franckeite rather than pyrrhotite and suggest that some franckeite 
was replaced by the late mineral group. These textures, briefly described 
below, have been discussed and illustrated in a previous article (71, p. 
38-45), but Ahlfeld (1; 4, p. 66) and Gordon (26, p. 296) have questioned 
their interpretation. 

Aggregates of lamellar marcasite and pyrite faithfully reproduce the 
broken and twisted plates of franckeite; compact pyrite, which surrounds 
deeply corroded remnants of franckeite, exhibits a mosaic of elongated grains 
that is entirely foreign to the pyrite habit (71, Fig. 20, 21). Plumose ag- 
gregates of franckeite seemingly represent late cavity fillings, but close ex- 
amination indicates that these aggregates are not typical crustifications. 
Instead, the plumose material appears to be continuous with franckeite plates 
that extend into the adjacent pyrite-marcasite areas (71, Fig. 23). The 
plumose franckeite thus represents the distorted remnants of original plates 
that protruded into the cavities. 

The franckeite is largely confined to the central area where pyrrhotite is 
extremely scarce. Only two examples were noted in which the two minerals 
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were in direct contact. Age relationships are indefinite but the contacts are 
sharp, with no evidence of the increased porosity that is so typical of late- 
stage replacement of pyrrhotite. It is concluded that franckeite is of rela- 
tively early age, its deposition preceding the wholesale destruction of pyr- 
rhotite. Siderite is unquestionably later than franckeite. 

The fifth and last stage of vein formation was one of open filling rather 
than replacement. It was characterized by sphalerite, siderite, pyrite and 
rare chalcopyrite. These minerals appear as tiny veinlets and irregular 
coatings. Sphalerite occurs generally in botryoidal and globular masses, in 
places mixed with siderite. Differences in texture and color serve to dis- 
tinguish the late sphalerite from that of early age. Moreover, stannite does 
not accompany the late sphalerite. Late pyrite coats the sphalerite and fills 
fractures in the concentric masses. Wavellite, an abundant mineral, forms 
remarkable crusts of late age. It may be of hypogene origin but is classed 
as a supergene mineral by Gordon (26, p. 337), who points to apatite as the 
source of the phosphorous. 

The five principal stages in the formation of the Llallagua veins are 
summarized in Table 10, where the sequence can be compared with that of 
other districts. 

Huanuni.—The tin deposits of Huanuni comprise narrow fracture fillings, 
fissure veins and breccia lodes. A crude banding is typical of many veins, 
and in the breccia lodes, the ore and gangue minerals occupy the space be- 
tween rock fragments. The small size of the rock fragments is an indication 


TABLE 10 


SEQUENCE OF VEIN MINERALS 


Stages: 1 2 3 4 | 5 
Liallagua q, (tm) bm, cs, frk, po, sl, (st), me, (asp), sd, sl, 
(wf), (ap) asp (cp) py, sd (py), wv (?) 
Huanuni q, tm, cs (tl), sl, st, | py, me, sd 
(ap), (fl) po, asp (cp) sd 
Morococala q, tm, cs tl, po, sl, (st) | py, (me), | sd, sl, 
(tz) (asp) | | sd | (py) 
Potosi qd, Py, cs, (asp), st, (cp) td, (sl), | fo, rs, | aln 
(wf), (bm) (mt), ad (gl) 
Oruro q. py, cs, (asp) (sl), td, ad | fo, gl, | kn, dk, 
(cp), st | frk aln, (q), 
| (mc) 
| | 
Minor minerals shown thus (wf). Mineral abbreviations as follows: 
ad—andorite cs—cassiterite mc—marcasite st—stannite 
aln—alunite dk—dickite mt—matildite td—tetrahedrite 
ap—apatite fl—fluorite po—pyrrhotite tl—teallite 
asp—arsenopyrite fo—lead sulfosalts py—pyrite tm—tourmaline 
bm—bismuthinite frk—franckeite q—quartz tz—topaz 
cp—chalcopyrite gl—galena rs—ruby silver wf—wolframite 
kn—kaolinite sd—siderite wv—wavellite 


sl—sphalerite 
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of considerable replacement of the fragments during ore deposition. The 
mineral sequence, as indicated by laboratory investigations (31, 72), is sim- 
ilar to that of Llallagua (Table 10). 

Quartz and tourmaline, the dominant alteration products, occur locally 
as early vein minerals. Cassiterite was deposited next. It replaces the wall 
rock, corrodes the quartz and tourmaline, and fills space between quartz 
crystals. Fluorite and minor apatite are found with these early minerals. 

The second stage in deposition is marked by abundant pyrrhotite, together 
with minor arsenopyrite and teallite. Pyrrhotite was extensively replaced by 
stannite, pyrite and marcasite, and these minerals show the typical textures 
inherited from pyrrhotite. Alteration, however, was not as complete as at 
Llallagua ; many veins of the central zone still contain considerable pyrrhotite. 

Arsenopyrite, which is common in some veins, was probably deposited 
somewhat later than pyrrhotite as it generally favors pyrrhotite grain boun- 
daries and includes oriented patches of pyrrhotite. Teallite is relatively rare 
in the tin veins of the central zone, and in only two polished sections was it 
noted in contact with pyrrhotite. In these sections, plates and needles of 
teallite form a few clusters surrounded by pyrrhotite. A local parallelism 
of the small plates may reflect the pyrrhotite cleavage although generally the 
teallite forms radiating groups that bear no relation to the pyrrhotite struc- 
ture. Specimens from the Maria Francisca mine, which lies beyond the 
pyrrhotite zone, show teallite, sphalerite and pyrite. The pyrite clearly 
replaces teallite, and odd, curved grains of sphalerite suggest that this mineral 
is also later than teallite. The teallite is not a late crustification, nor is it 
accompanied by siderite, which is generally associated with sulfides that have 
replaced pyrrhotite. Teallite is included as a mineral of the second stage; 
it may be slightly earlier or slightly later than pyrrhotite. 

Next in the sequence of deposition are stannite and sphalerite, together 
with a little chalcopyrite. Stannite for the most part has replaced pyrrho- 
tite, and the two minerals form compact aggregates. The stannite favors 
contacts with early cassiterite; many large grains and aggregates of cas- 
siterite are separated from pyrrhotite by bands of stannite. This mode of 
occurrence suggests that stannite has formed by simple reaction between 
cassiterite and pyrrhotite, but there is no source of copper among the early 
vein minerals. Although migrating solutions thus contributed copper to the 
deposition of stannite, a large part of the tin was probably derived from the 
partial re-solution of cassiterite. Sphalerite occurs with stannite in a few 
specimens, the two forming compact mineral aggregates without a notable 
difference in age. Sphalerite is very common in the marginal veins of 
Maria Francisca whereas stannite is rare. 

The principal minerals of the fourth stage are pyrite and marcasite, to- 
gether with siderite. These minerals have been derived largely from the 
replacement of pyrrhotite, and the textures resemble those of Llallagua. 
Most of the pyrite has a smooth yellow surface, but some is finely pitted and 
has a gray color in polished section. The gray pyrite is commonly in con- 
centric form and may be slightly anisotropic. Siderite and marcasite occur 
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with the pyrite, but the proportion of marcasite is much less than at Llallagua. 
Another variety of pyrite consists of aggregates of platelike units. These 
have highly serrated borders and are surrounded by siderite. Pyrite of this 
type has been derived from some platy mineral, but relict grains of pyr- 
rhotite have not been observed in the pyrite plates. Many veins at the 
margin of the district contain pyrite, most of which may represent an original 
deposition rather than a replacement of pyrrhotite. The replacement of 
teallite by pyrite is recorded in specimens from the Maria Francisca dump. 

The fifth and last stage in the development of the tin veins is represented 
by siderite. It was deposited in large part with pyrite and marcasite, but 
some siderite fills tiny fractures of distinctly later age (Table 10). 

Morococala.—The tin ores of Morococala have not been described here- 
tofore, but recent investigation by Hosmer (33) has brought out a number 
of interesting features. Quartz and tourmaline, the dominant minerals of 
the altered graywacke, do not appear in the typical vein; yet cassiterite, the 
first of the vein minerals, was deposited largely by replacement. This ap- 
plies to the cassiterite of the narrow veins with their sharply defined walls, 
as well as to the less regular bands in which the texture of the graywacke is 
clearly reproduced by the fine-grained cassiterite aggregate. 

During the second stage of vein growth, open filling prevailed, and the 
chief mineral to be deposited in the fractures was pyrrhotite. The pyrrhotite 
has been almost completely eliminated throughout the deposit, but the preva- 
lence of microscopic inclusions in later minerals testifies to its former 
abundance. A little teallite was noted in a few polished sections. It is 
rarely in contact with pyrrhotite, but relationships shown between teallite 
and pyrite that was derived from pyrrhotite indicate that teallite was prob- 
ably deposited before pyrrhotite (33, p. 22). Arsenopyrite, which occurs in 
minor quantity, is somewhat later than pyrrhotite. 

Sphalerite, the next mineral of the sequence, is common in low-grade 
ore and is abundant in veins of the Reserva section (Fig. 16). It has 
formed partly by open filling but mostly by replacement of the wall rock. 
This combination has produced two contrasting patterns whose boundary 
marks the edge of the original open fracture. Clear sphalerite of the veinlet 
is bordered by altered graywacke, in which sphalerite has selectively re- 
placed quartz, leaving residual grains and needles of tourmaline. Asso- 
ciated with the sphalerite is a little stannite of slightly later age. 

Pyrite is extremely abundant, associated chiefly with marcasite and 
siderite. These minerals have developed by the replacement of pyrrhotite 
and exhibit the textures characteristic of this alteration. Some pyrite of 
granular form occurs in the wall rock beyond the pyrrhotite veinlets; this 
pyrite has selectively replaced the sphalerite of the altered graywacke. 

The final stage in deposition is represented by crusts of siderite and 
sphalerite with a little pyrite. The late sphalerite has a botryoidal habit 
and the pyrite assumes concentric forms. A little quartz occurs as late 
gangue. 

The mineral sequence at Morococala is comparable to that of other tin 
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districts (Table 10), but the ores are distinctive in that cassiterite, the first 
vein mineral, has formed largely by replacement of the wall rock. 

Potosi—tThe tin-silver ores of Potosi are distinguished by the great 
variety of ore minerals and by the abundance of pyrite rather than pyrrhotite 
among the early sulfides. Overlap in deposition is characteristic and re- 
peated banding is noted in some veins. Lindgren and Creveling (45) and 
Jaskolski (34) have studied the ores in detail, and other investigators (2, 
23, 49) have contributed additional notes on the mineralogy. 

The earliest group of vein minerals is made up of quartz, pyrite, cas- 
siterite, and arsenopyrite. Considerable pyrite was deposited before cas- 
siterite, and definite overlap between the two is indicated by repeated banding 
in the ore. Wolframite and bismuthinite, which are found in the deeper veins, 
should be included with the early vein minerals, as well as rare pyrrhotite 
(Table 10). 

The second stage of deposition is marked by stannite, together with lesser 
amounts of chalcopyrite. Again overlap is characteristic as stannite is in 
part contemporaneous with cassiterite. According to Jaskolski (34, p. 76), 
tetrahedrite is about contemporaneous with stannite, but other investigators 
conclude that tetrahedrite is somewhat later than stannite, initiating the 
third stage of vein formation. Associated with tetrahedrite is sphalerite, as 
well as some andorite and perhaps matildite. 

The fourth stage of vein growth is represented by ruby silver, jamesonite 
and boulangerite, together with minor sphalerite and galena. Alunite is the 
last mineral to be deposited; it occurs as small veinlets and irregular masses 
that cut the sulfide veins. 

The preceding account of the mineral sequence suggests combining the 
several stages into two main periods of deposition. The first is characterized 
chiefly by cassiterite and pyrite, to which may be added bismuthinite and 
wolframite of the deeper veins. The second period includes a greater variety 
of minerals, but the most significant are stannite, tetrahedrite, sphalerite and 
ruby silver. The two age groups correlate in a general way with the principal 
ore types, the tin and the tin-silver ores. The two groups, however, are not 
entirely distinct, as some cassiterite may occur in the tin-silver ore, and 
overlap is noted between cassiterite and stannite. 

Oruro.—The complex tin-silver ores of Oruro have been studied by 
Lindgren and Abbott (44), Kozlowski and Jaskolski (40) and more re- 
cently by Chace (19). These authors emphasize two distinct periods of de- 
position, the first including the tin ores and the second, the more complex 
ores of silver. The two periods may be further subdivided into five episodes 
or stages of deposition which are comparable to those of Potosi (Table 10). 

The first stage in vein formation constitutes the tin ore of the district, a 
heavy sulfide assemblage composed of minor quartz, abundant pyrite and 
cassiterite, together with a little arsenopyrite. Tourmaline is locally abun- 
dant and belongs to this early stage (2, p. 78). Most of the pyrite was 
probably deposited before cassiterite, but both pyrite and quartz deposition 
continued after the cassiterite period. The first veins to form, according to 
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Chace, were made up of the minerals of the first stage, and there was a pro- 
nounced structural break following their deposition. The minerals of later 
age include the common sulfides, sphalerite, pyrite and chalcopyrite, and a 
varied assortment of sulfosalts. These minerals form delicate crusts and 
fibrous aggregates, fill open fractures, and exhibit a complex series of re- 
placements. 

Sphalerite was the first mineral of the second stage of deposition, and it 
was Closely followed by chalcopyrite. Stannite, the next in sequence, occurs 
mostly as residual grains; it has been replaced largely by zinkenite. For the 
most part stannite preceded tetrahedrite, but a slight overlap is indicated by 
crystals of stannite coating tetrahedrite. 

Tetrahedrite and andorite, the principal silver minerals, mark the third 
stage of vein growth. They form replacement patterns and appear as in- 
dividual crystals resting on other minerals. The lead sulfosalts are dis- 
tinctly later than the silver minerals. Zinkenite, boulangerite and jamesonite, 
the principal minerals of the group, occur in compact intergrowths, as fine 
coatings and as hairlike crystals. They have also replaced early sulfides, 
especially sphalerite and stannite. Galena and franckeite replace stannite 
and zinkenite and also fill independent fractures. The late age of the francke- 
ite at Oruro is noteworthy, as well as its association with galena. 

The last hypogene minerals to be deposited were kaolinite, dickite and 
alunite. Quartz in small amount is scattered through the silver ore, and a 
little marcasite occurs with the late gangue. 

The first period of vein formation (stage 1) accounts for the tin ore, in 
which cassiterite is the only ore mineral. The second main period (stages 
2-4) accounts for the silver ore, the principal silver minerals being tetrahedrite 
and andorite (Table 10). The two main periods, separated by a period of 
structural adjustment, are not equally represented in all veins. 

Summary.—The essential points regarding the vein mineralogy and 
mineral sequence are summarized in Table 10. The contrast between the 
tin ores and the tin-silver ores is readily apparent. 

The tin ores, as represented by the deposits of Llallagua, Huanuni and 
Morococala, show a rather remarkable similarity in sequence of deposition. 
The principal stages are: (1) quartz, tourmaline and cassiterite, (2) teallite 
or franckeite, pyrrhotite and arsenopyrite, (3) sphalerite and stannite, (4) 
pyrite, marcasite and siderite, and (5) late coatings of siderite, pyrite and 
sphalerite. Bismuthinite and wolframite are associated with cassiterite ores 
at Llallagua and Potosi; apatite is common at Llallagua. Unusual textures 
and pseudomorphic patterns produced chiefly by alteration of pyrrhotite 
are typical of all three districts. 

The tin-silver ores of Potosi and Oruro are more varied, yet they ex- 
hibit some similarity in mineral sequence. The stages are: (1) quartz, pyrite 
and cassiterite with pronounced overlap, (2) stannite and chalcopyrite, (3) 
tetrahedrite and andorite, (4) lead sulfosalts, minor galena and ruby silver, 
and (5) late gangue, chiefly alunite. Ruby silver is an important ore mineral 
at Potosi whereas andorite is more abundant at Oruro. 
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Ores of the Oxide Zone 


A study of the oxidation of the ores is handicapped by the lack of precise 
information as to the nature of the ore shoots mined in the past. This is 
particularly true of the oxidized silver veins, as these were worked during 
the Colonial period. 

Among the products of supergene alteration, the most noteworthy are the 
phosphates of Llallagua. Wavellite is the most abundant of the group; 
vauxite and two related species have not been found elsewhere. The 
phosphate minerals, which occur in remarkable crusts, have been described 
by Gordon (26), who attributes them to the supergene alteration of apatite. 
In the remarks that follow, attention is directed to the ore bodies of the oxide- 
zone. 

Tin Ores.—The typical tin vein, composed of quartz, cassiterite and iron 
sulfides, yields on oxidation a porous mass of iron oxide, ranging in color 
from yellow to brown and bright red. Residual, unaltered cassiterite 1 
generally visible in the oxide ore. Some of the highly pyritic veins o 
Lliallagua have changed to a honeycombed body of limonite, with cavities up 
to a meter across. The wide breccia zones at Huanuni are highly permeable 
and most of the ore bodies are oxidized. In places, the percentage of limonite 
is far greater than that of the rock fragments, and this raises some question 
as to the precise origin of the breccia. The great stockwork orebody of 
Morococala has been oxidized throughout, and over broad areas, the dense 
silicified graywacke has been changed to a soft, bleached rock referred to 
locally as “panizo.” The change is due to percolating supergene solutions, 
which have destroyed the cementing material of the graywacke. The dis- 
tribution of the bleached graywacke is carefully noted by the miners, as the 
stockworks are rarely commercial in the unoxidized zone where the gray- 
wacke is extremely hard. 

The limonite of the tin veins ranges from a loose, fine-grained aggregate 
to a porous but very hard material. No detailed study of the oxidized veins 
has been made, but thin-section studies show that jarosite as well as limonite 
is common in the oxide ore. Cassiterite undergoes no significant alteration, 
and in the most heavily oxidized ore of Llallagua, the cassiterite retains its 
normal sharp borders. Radiating fibrous cassiterite, which resembles wood 
tin, is found at Llallagua; it is clearly hypogene. Similar material is found 
at Oruro, and Chace (19, p. 456) considers it largely if not entirely hypogene. 

Stannite is probably decomposed by acid sulfate solutions and secondary 
cassiterite would be a normal product of such a reaction. A white powdery 
material, said to be composed largely of tin dioxide, has been noted at Potosi, 
and this may owe its origin to the alteration of stannite. Teallite is relatively 
resistant, but at Carguaicollo (73), some teallite plates in the oxide zone are 
partly replaced by a mixture of anglesite and secondary cassiterite. The 
teallite of Huanuni and Morococala might alter in a similar fashion, but the 
mineral is scarce in both districts. No oxidation products derived from 
franckeite have been identified, but the destruction of the fibers and their 
replacement by fine-grained gangue may be in part an oxidation effect. 
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Zones of supergene cassiterite enrichment have not been recorded in the 
Bolivian region. On the contrary, many low-grade sulfide veins have been 
enriched within the oxide zone by the partial elimination of the more soluble 
metals and the relative concentration of cassiterite. 

Tin-Silver Ores——The typical oxidized tin-silver vein consists of a mixture 
of limonite and jarosite, thus resembling the tin veins of the oxide zone. In 
some ore shoots, grains of cassiterite can be recognized in the porous mass, 
but generally the cassiterite is finely distributed. 

The oxidation of rich silver ores should yield typical silver minerals of 
the oxide zone. According to reports, cerargyrite and native silver were 
characteristic of the oxidized ores of Potosi and Oruro, but it is curious that 
no veins of high-grade, oxidized silver ore have been encountered in recent 
years. However, the extent of the old workings at Potosi and the ruins of 
old mills in the valley below the Cerro offer testimony of the great mining 
activity of the past. Under conditions which prevailed during the Colonial 
period, it is likely that low-grade ores were extensively mined and perhaps 
contributed most of the silver. High-grade ore shoots were probably en- 
countered, but the true character of the “bonanzas” is largely a matter of 
speculation. Similar uncertainties exist with respect to the oxidized silver 
ores of Oruro (18, p. 112; 19, p. 453). 


ORE DISTRIBUTION AND HYPOGENE ZONING 


The tin and tin-silver ores generally occur in distinct shoots, most of them 
having a limited vertical range. Considered collectively, the ore shoots 
within a district define an ore-bearing interval whose elevation varies con- 
siderably from vein to vein. Vertical zoning, marked by a consistent change 
in mineralogy with depth, has not been clearly demonstrated in the tin de- 
posits of central Bolivia, but some semblance of vertical zoning is noted in 
the tin-silver districts of Potosi and Oruro. Lateral zoning of the regional 
type, so well illustrated by the ore deposits of northern Bolivia (75, p. 614— 
616), is not evident in the mineralized belt of central Bolivia, but lateral 
zoning on a local scale is suggested by mineral distribution at Llallagua and 
Huanuni. 


Ore Distribution 


Ore Shoots.——The ore shoots of the districts described range from major 
ore bodies 600 m or more in length to small pockets of ore only a few meters 
in length. Numerous ore shoots on major veins have a stope length of 200 
to 300 m. The stronger veins average a meter or so in width, but the veins 
of Morococala, although relatively persistent, rarely exceed 15 cm. Count- 
less small veins and branches are productive in each district, and narrow 
seams only 3 or 4 cm in width may be mined provided they contain a high- 
grade filling. 

The larger ore shoots can be described only in general terms as most of 
them were mined in the past when only fragmentary records were kept. 
The Contacto ore shoot at Llallagua extended for as much as 400 m laterally 
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and for 250 m vertically, and large sections of the vein assayed 25 percent 
tin or more. According to reports, the San Jose-San Fermin ore shoot had 
a maximum stope length of 700 m and in places the ore extended for 600 m 
vertically. It was undoubtedly one of the greatest shoots of tin ore ever 
discovered. 

Several large ore shoots have been mined at Potosi and Oruro, but it is 
doubtful whether they compare in size with the major shoots of Llallagua. 
The Mendieta-Rica vein at Potosi has a length of 700 m on the upper mine 
levels, but in depth the mineralization passes into several veins of the Utne 
group. The Tajo Polo vein, developed for 600 m vertically, was very pro- 
ductive on the upper levels, but the deeper ore is highly pyritic with most of 
the tin occurring as stannite. Three or four of the Oruro veins have been 
traced for 500 m laterally and 400 m on the dip. The San Luis vein is 
rather unusual, having a short strike length and much greater vertical con- 
tinuity. The Grande vein at Huanuni, although not extremely rich, ranks 
as one of the largest, and in places the vein is bordered by zones of mineral- 
ized breccia up to 30 m in width. 

Numerous small veins and branches of the larger veins have provided 
most of the ore in recent years. The ore shoots on the branch veins gen- 
erally connect with those on the major veins, but some branch veins weaken 
structurally near the junction and pass into zones of sheeting. A low-grade 
or barren section may then appear between the ore shoot of the branch vein 
and that of the main vein. Examples of this type are rather common at 
Liallagua and have also been noted at Oruro (19, p. 373). 

The ore shoots generally have assay boundaries, with a gradual decrease in 
grade of ore when calculated to stoping width. In some places the change is 
mineralogical and the vein maintains its normal width beyond the ore limits; 
in others the change from ore to waste is largely structural. Narrow veins 
pinch out and the stronger lodes pass into a network of small stringers too 
widely spaced to be minable. 

A large tonnage of ore mined in the past was obtained from extremely 
rich ore shoots, some of which extended vertically for 250 m or more. In 
general, the high-grade ore was surrounded by ore of lower grade, and the 
bonanza shoots comprised only a part of the ore-bearing section of the vein. 

The ore shoots of individual veins, as viewed in cross-section, define an 
ore-bearing interval of variable height which extends from one vein group to 
the next. Asa rule, the position of the ore-bearing section of one vein differs 
considerably from that of adjacent veins. In the Huanuni district, for ex- 
ample, the ore shoots of the several veins show a difference in elevation of 
400 m ore more. A similar situation prevails at Llallagua, Potosi and Oruro, 
although differences in elevation are less pronounced. Accurate information 
as to upper and lower limits of ore on individual veins is rarely available, 
but an indication of the ore interval is obtained from the extent of vertical 
development on each vein. The record for Potosi, Llallagua and Huanuni is 
summarized on the accompanying chart (Fig. 21). 

Controls in Deposition—The strongest veins occur in competent forma- 
tions that readily fracture, but relations are not sharply defined and important 
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ore shoots occur in various formations. At Llallagua the quartz porphyry 
intrusive is the locus of intense fracturing, yet the rich Contacto vein is en- 
closed almost entirely by sedimentary rocks. In the Potosi district, numer- 
ous veins are found in the competent, silicified porphyry, but some of the 
stronger veins extend downward into the Paleozoic formations without much 
change in character. Veins in the bedded volcanics on the west side of the 
stock are notably weak, but several veins in the bedded volcanics on the east 























































































































nneeee a 7 - —-. 
- ait | 
; s| | “ig alia 3 | 
gq 3 9 8 ¥ P, d 
y gy } jz | ” | Says is : ao | 
~ x <Q yy > ao " | 
Sy : ws2 198 7 + ~~ | 
Azu/ gy ala a9 aa98 tr | 
i 33 | | ChERERE BED i: iota) |e 
By 11) & k aa ry T 
' S 4||° | + Patifio Hy "| | | 
CancaFir: 1 E 2 oy a | 
S$) x - yI 
q. ARES i | e ¥ Yol¥ } 
‘ts RERER ax} | | | SBR ga | 
iy 3 a3 & is | tPaleviri > ti | 
as % ¥8 " Y ' | rE | 
sy ey w ! y 
si | at 
' 1 | 
! H Siglo x \ 
rn ! 
1 | 
| 
' 
14 
LLALLAGUA POTOSI 
i 
wi 
4 S a © 7 VERTICAL 
; q as ¢ o 
y 8 SES 
Mylimen : ® a Ty aS io — 
+ Quncan 100 METERS 
\|3 4 j gay 
MarvIsOr” s hs X y 
y a 
Al q 
® 
! a, 
fetiFo ti q 
TT ] 
HUANUNI 
———— = putetibemnicinmmiarin ee 











Fic. 21. Diagrammatic cross-section showing vertical development 
of major veins. 


side have been very productive. The most persistent veins at Oruro occur 
in the quartz porphyry and San Jose breccia (19, p. 365). At Huanuni and 
Morococala, where igneous rocks are absent, the veins are most abundant in 
quartzite and in silicified shale or graywacke, rocks which are far more com- 
petent than the unaltered sedimentary rocks. 

No consistent relationship has been found between the high-grade ore 
shoots and details of structure, such as vein dip, vein strike or vein width. 
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Nor can the position of the ore shoots be correlated with change in wall-rock 
type. As noted in subsequent paragraphs, the ore deposits were formed in 
a shallow zone close to the original surface. This environment would pro- 
mote rapid changes in temperature and pressure, and such factors probably 
exerted greater control in ore distribution than local structure and nature 
of the wall rock. 

Vertical Range in Ore.—The total vertical range in ore for each district, 
as indicated by development in 1949, is presented in Table 11. Also in- 
cluded is the interval of greatest production, within which the veins are 
more closely spaced and ore shoots are more abundant. Few tin deposits 
of Bolivia are productive below a depth of 650 m; they reach their maximum 
range in excess of 800 m at Potosi and Llallagua. Recent development of 
stockwork ore bodies on the Patifio level at Huanuni is noted by Ahlfeld 


(4, p. 49). 


TABLE 11 


VERTICAL RANGE IN ORE 


ws Depth Interval 
District | Vein 2 } fom of major 
| . | surface production 
Liallagua San Jose 770 810 m | 350 m 
Huanuni | Small veins Patifio 480 250 
Morococala San Francisco 211 230 150 
Oruro San Luis 480 600 300 


Potosi Utne Group IX 875 | 350 


Vertical Zoning 


The appraisal of vertical zoning in ore deposits that have been worked for 
so many years is beset with difficulties. Many of the upper mine levels are 
no longer accessible, and reported mineral occurrences in abandoned mine 
areas are of doubtful value. Many veins have been thoroughly oxidized in 
their upper reaches and original differences in mineralogy have been destroyed. 
Successive stages in deposition add to the problem of interpretation, as early 
channelways may become effectively sealed during the later stages of min- 
eralization. 

In the Morococala district, mine development reaches a depth of only 
250 m and is restricted mostly to the oxide zone. At Huanuni the hypogene 
ores show considerable variation from place to place but no systematic vertical 
change is indicated. At Llallagua, Potosi and Oruro there is a better oppor- 
tunity to study vertical zoning, as the ores contain a greater variety of min- 
erals and the veins are exposed over a greater vertical interval. 

Llallagua.—The most notable feature of the Llallagua veins is the re- 
stricted vertical range of the high-grade cassiterite ore (26, p. 299; 71, p. 172). 
Many of the high-grade shoots pass upward into low-grade sulfide ore before 
the zone of oxidation is reached, but the sulfide filling of the upper levels 
seems to be the same as that exposed below the high-grade shoots. The 
deepest ore of the district is on the San Jose vein below the Siglo XX level. 
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This ore contains abundant arsenopyrite and considerable tourmaline, but both 
minerals are equally abundant elsewhere in the mine. The many low-grade, 
pyritic veins of the Siglo XX level are more representative of the deep ore 
than a single ore shoot. These veins resemble the low-grade veins at higher 
elevations, and there is no consistent variation of the sulfides with depth. 
The relationships described suggest that during the early stage of mineraliza- 
tion, conditions appropriate for cassiterite deposition were notably restricted, 
whereas during the later stages, more uniform conditions permitted the 
deposition of sulfides over a much greater vertical span. 

Potosi.—The record suggests a vertical zoning of the tin and silver ores 
at Potosi, but mineral distribution is complicated by several stages in deposi- 
tion, each characterized by a distinctive mineral assemblage. In the zone 
of oxidation, the principal veins were extensively mined for silver in the 
Colonial period, but numerous small veins have been worked for tin in recent 
years. The tin ore is generally low grade, but a few rich cassiterite shoots 
have been encountered. 

Sulfide ores containing both tin and silver are characteristic of the Tajo 
Polo vein system, and most descriptions of sulfide ore refer to this section of 
the mine, where rather marked changes in mineralization with depth have 
been reported (2, p. 114; 23, p. 749; 45, p. 242). The silver ores, restricted 
to the higher levels, contain tetrahedrite, andorite and ruby silver. Ores 
rich in cassiterite have also been mined in the upper zone, but cassiterite gives 
way in depth to stannite, accompanied by chalcopyrite, bismuthinite and 
wolframite. Vertical zoning is thus expressed in silver above tin and cas- 
siterite above stannite, and the record of production clearly indicates a marked 
decrease in silver with depth. Details of zoning, however, are masked by the 
variation in mineralogy of the several vein groups. The stannite ore of the 
Tajo Polo vein system, for example, is not fully representative of the deeper 
zone, as high-grade cassiterite ore is found at the same elevation in other 
veins, such as the Krause and Utnes (Fig. 14). 

The several contrasting stages in mineralization are also critical in an 
interpretation of vertical zoning. Mineral distribution suggests that during 
the early stages, when most of the vein fractures were utilized by the ascend- 
ing solutions, cassiterite was deposited throughout the ore zone, the high- 
grade tin ore being formed chiefly below the present zone of oxidation. 
During the later stannite-tetrahedrite stage, the Tajo Polo fracture system 
provided the main channelways. Tin-silver ores were then deposited, super- 
imposed in many places on the early cassiterite mineralization. At this stage 
intensity differences were pronounced; stannite-rich ores prevailed in depth 
and ores rich in silver above. Some fractures, such as the Utnes, were 
scarcely mineralized during this period, and the original cassiterite ores were 
not modified by the later mineral assemblage. The final result is a certain 
zonal arrangement of minerals, but the pattern is complex and not the same 
in all veins. 


Oruro.—Vertical zoning at Oruro is revealed principally in the relation- 
ship between the tin and silver ores (18, p. 113; 19, p. 452). In general, 
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the vertical range of cassiterite is less than that of the silver minerals, and 
the essential change with depth is from tin-silver to silver ore. Below a 
depth of 350 m the veins were mined mostly for silver, but in some of the 
stronger veins, tin persisted to a depth of 450 m or more. Local variations 
in the ore have also been noted. Some small veins at shallow depth were 
composed of pyrite and cassiterite without silver, and on the 350 m level, 
certain veins were unusually rich in silver whereas others contained the 
more complex tin-silver ore. Many of the differences in mineralogy can 
probably be explained by the varied permeability of the fracture systems dur- 
ing successive stages in mineralization. The early deposition of cassiterite 
was more restricted vertically and laterally than the subsequent deposition of 
the silver minerals (19, p. 453). In this respect the ores resemble those of 
Llallagua, where late sulfides are more widespread than early cassiterite. 


Lateral Zoning 


The most readily established outward change in mineralization is the 
reduction in the proportion of ore minerals and the increase in the common 
base-metal sulfides. Although the outlying veins exhibit a considerable 
range in mineralogy and comprise several types, the abundance of sulfides, 
especially sphalerite, suggests that they represent a lower intensity of deposi- 
tion than do the tin and tin-silver veins of the central zone. Some veins of 
the outer zone contain small pockets of tin or silver ore, but there is no 
indication that at reasonable depth, the low-grade filling will pass into typical 
high-grade ore. Instead, the record suggests that the vague outer boundary 
of the central ore zone is relatively steep. 

The Llallagua and Huanuni districts afford the best examples of lateral 
zoning, as the bed rock is exposed over a broad area and marginal deposits 
of several types have been found. Elsewhere some evidence of lateral zoning 
is noted in scattered underground workings, such as those of Reserva at 
Morococala, Tetilla at Oruro and Cerro Chico at Potosi (Table 12). 

Llallagua.—The Liallagua tin-bearing zone, which covers an area of 1300 
m by 1100 m, is partly surrounded by one in which several low-grade sulfide 
veins have been explored. The principal deposits are the Laguna, Calla- 
peria and Patifio on the south side of the Salvadora intrusive and the Liber- 
tad and Estafiina on the north side (Fig. 5). 

Pyrite is the dominant filling in nearly all veins of the outer zone; spha- 
lerite is widespread and is abundant in two prospects. Several small shoots 
of cassiterite ore have been encountered, as well as a few that show con- 
siderable silver. Accessory minerals include bismuthinite, arsenopyrite and 
stannite ; franckeite was noted in one polished section. Pyrrhotite is widely 
distributed and has been replaced by pyrite, marcasite and siderite, these 
minerals forming textures similar to those developed in veins of the central 
zone. Some pyrite occurs as granular aggregates that give no evidence of 
an early platy mineral and some occurs as small grains and cubes replacing 
graywacke. This pyrite is probably an early mineral, about contemporaneous 
with pyrrhotite. Otherwise the sequence of deposition in the outer veins 











MAJOR ORE DEPOSITS OF CENTRAL BOLIVIA. II 589 


TABLE 12 
CHARACTERISTIC VEIN MINERALS OF THE CENTRAL AND OUTER ZONES 
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is substantially the same as that of the central zone. No subzones can be 
established on the basis of distinctive sulfides, and the principal outward 
change is a marked decrease in minerals of the early cassiterite stage. 

Huanuni.—The central tin-bearing zone of Huanuni extends along the 
Huanuni anticline for 1,500 m and reaches a width of 1,200 m. To the south 
along the axis of the fold scattered veins and vein groups define an outer 
zone some 2.5 km in length. Most of the veins occur in the sandy forma- 
tions, whereas very few veins have been found in the overlying black shale 
which occupies both limbs of the fold. The quartz porphyry dikes that 
occur along the eastern margin of the district are highly altered but are not 
ore bearing (Fig. 8). 

Pyritic veins with sphalerite are most common in the outer zone. They 
usually contain very little cassiterite, but a small amount of ore has been 
produced from pyritic veins that crop out near the Patifio adit and along the 
Huanuni River to the southeast. 

The Porvenir and Maria Francisca veins are characterized by zinc and 
tin with small pockets of silver ore (4, p. 50; 20, p. 486, 493). They have 
been developed by vertical shafts to depths of 200 m, but the workings have 
been under water for many years. Specimens from the Maria Francisca 
dump showed quartz, cassiterite, arsenopyrite, stannite, pyrite and abundant 
sphalerite. Teallite and a little franckeite were present but no cylindrite. 
The teallite is interstitial to early quartz and cassiterite and is replaced by 
pyrite and sphalerite. This sequence agrees with that observed by Davy 
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(20, p. 486), who noted that cylindrite and franckeite are later than quartz 
and cassiterite but earlier than stannite and pyrite. The specimens that he 
examined probably came from the Porvenir mine (67, p. 60-67). Addi- 
tional vein minerals include jamesonite, boulangerite, wurtzite and siderite, 
as well as tetrahedrite and ruby silver. The Quimsa Coya vein, traced on 
the surface for 600 m, contains small shoots of tungsten ore (2, p. 88; 35). 
The vein filling consists of drusy quartz, hubnerite and stibnite. 

The outer veins of Huanuni are more varied than those of the other dis- 
tricts. The pyrite-sphalerite and tin-zinc veins are clearly a part of the 
zonal pattern, but some question may arise as to the relation of the tungsten- 
antimony vein. However, pockets of wolframite have been found in the 
Huanuni mine and a little stibnite occurs at the Porvenir. 

Other Districts —Lateral zoning at Potosi is not well defined. Several 
cross-cuts that extend 200 to 300 m beyond the central zone have exposed 
low-grade veins containing more pyrite and sphalerite than the typical tin 
veins of the district. The small veins of Cerro Chico, 600 m north of the 
productive area, are rich in sphalerite, galena and boulangerite (34, p. 69). 
Accessory minerals are pyrite, arsenopyrite, chalcopyrite and stannite. The 
veins contain no cassiterite. 

The Tetilla vein group at Oruro lies 700 m south of the central tin-silver 
zone. The veins in this area contain galena, tetrahedrite and barite but no 
tin minerals (19, p. 453). They were worked during the Colonial period 
for silver. 

In the larger Morococala region, tin ores of high-temperature aspect are 
found at the Morococala, Santa Fe, Japo and Negro Pabellon mines (Fig. 7). 
These deposits, separated by as much as 6 km of essentially barren ground, 
probably represent distinct centers of high-temperature mineralization. At 
the Morococala mine itself there is some semblance of lateral zoning on a 
small scale. Veins of the outer zone, such as those of the Reserva section, 
contain much less cassiterite and more pyrite and sphalerite than do those of 
the main tin-bearing area (Fig. 16). 


ORIGIN OF THE ORE DEPOSITS 


As the ore deposits are associated with middle(?) Tertiary intrusions, 
it is appropriate to review igneous activity before considering the somewhat 
later episodes of rock alteration and ore deposition. Subsequent events, 
such as regional uplift, oxidation of the ore and late volcanism, are excluded 
from the discussion. 


REVIEW OF IGNEOUS ACTIVITY 
The flat-lying extrusive igneous rocks of the Potosi district mark the 
earliest period of Tertiary volcanism. The lowest volcanic formation ex- 
tends 30 km west of Potosi, but the two overlying formations probably repre- 
sent local accumulations of pyroclastic material, which was probably derived 


from volcanic vents in the Kari Kari Range, a few kilometers southeast of 
Potosi. Fine-bedded tuff of the uppermost member of the volcanic series 
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contains fossil plants of middle(?) Tertiary age, and as there is no indication 
of a major unconformity in the section, the volcanic sequence as a whole is 
assigned to the middle(?) Tertiary. 

The quartz porphyry stock of Potosi cuts the uppermost volcanic forma- 
tion, and the main intrusives of Oruro and Llallagua are believed to be of 
equivalent age. The intrusive bodies are all highly altered but of essentially 
similar character, ranging from dacite porphyry to quartz latite porphyry. 
The altered dikes of Huanuni and Morococala are also correlated with the 
Potosi stock. 

The Salvadora intrusive at Llallagua probably represents a volcanic vent, 
and the San Jose stock of Oruro grades outward into bedded tuff of super- 
ficial character. These shallow-seated bodies of porphyry might be corre- 
lated with the earlier episode of volcanism that gave rise to the bedded vol- 
canics of Potosi, but in structure, size, petrographic character and relation- 
ship to ore, the intrusives are more closely allied with the quartz porphyry 
stock of Potosi. It seems likely, therefore, that the bedded volcanics of 
Potosi are local in character and not represented in the other districts. 

Cross-cutting bodies of breccia are common at Llallagua and Oruro, 
where they form dikes and lenses of steep dip. These occur chiefly within 
the intrusive rocks but some are completely enclosed by the older sedimentary 
formations. The breccia is composed of angular fragments of both sedi- 
mentary and igneous rocks, set in a finely fragmental matrix. The matrix 
may be in part a fine tuff, but it is not crystallized magma. The dikes are 
not intrusive bodies in the usual sense but are probably of explosive origin, 
closely related to the porphyry intrusions. As the breccia dikes are cut by 
the veins, their distribution gives a record of an early period of fracturing 
that closely followed intrusion but preceded the main period of mineralization. 
Some of the fractures occupied by breccia conform to regional trends, but 
others are highly irregular and owe their origin, perhaps, to local stress 
set up by the cooling of the intrusive igneous rocks. Small bodies of breccia 
similar to those of Llallagua and Oruro have been encountered at Morococala 
and Potosi. The Huanuni breccia, however, is composed exclusively of 
sedimentary material and is believed to be the product of hydrothermal 
leaching rather than explosive action. 


HYPOGENE MINERALIZATION 


Ore deposition in central Bolivia took place within a relatively shallow 
zone, probably within a few thousand feet of the surface. Supporting evi- 
dence is found in the geological setting of the deposits, vein structure, mineral 
assemblage, and ore texture. Many of the unusual features exhibited by the 
ores probably owe their origin to the combination of high temperature and 
low pressure, which is likely to prevail in the shallow zone, yet the broad 
sequence of events is more uniform than might be anticipated in ores of such 
diversity. The following main events may be recognized: (1) early stage 
of rock alteration, (2) intermineral fracturing and brecciation, and (3) 
principal ore stage with development of the veins (Table 13). That rock 
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alteration and vein growth were distinct but overlapping episodes is indicated 
by the field evidence and by the distribution of the altered rocks. 


Wall-Rock Alteration 


The general sequence of alteration is one of increasing intensity, ranging 
from mild chloritic alteration to sericitization and finally to intense silicifica- 
tion and tourmalinization. Chloritic alteration is widespread at Oruro, but 
in the center of the district, early chlorite was largely destroyed and abundant 
sericite was deposited. In other districts strong sericitization is typical of 
the porphyries. 

Tourmalinization and silicification of the porphyry are believed to signify 
greater intensity of deposition than sericitization. In places, quartz and 
tourmaline are more abundant along permeable channelways where maxi- 
mum temperatures would prevail, and both minerals replace sericite. Tour- 
maline and quartz are widespread in the altered porphyry at Llallagua and 
in the altered graywacke at Morococala. Tourmaline is less common than 
quartz at Huanuni. Silicification of the upper part of the Potosi stock is 
pervasive and unusually complete, yet the solution channelways cannot be 
identified. Feldspar phenocrysts were altered to an aggregate of quartz 
and sericite; the groundmass was converted to a fine quartz mosaic. The 
fact that phenocrysts generally are more susceptible to attack than ground- 
mass suggests that early selective sericitization was followed by silicification. 
Alteration with increasing intensity may be postulated. 

The stability field of the alteration products is not sufficiently limited to 
give precise figures as to the temperatures that prevailed during the alteration 
stage. Chlorite with subsidiary sericite is typical of the epithermal range, 
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which may be considered normal for the shallow volcanic environment. 
Lindgren (43, p. 454) places the temperature at 200°C or less, and Graton 
and Bowditch (29, p. 687) estimate the common range at 200—250° C. 
Sericite alone is not indicative as it may be deposited at widely varying tem- 
peratures, depending upon the nature of the solution. But the intensity of 
sericitization indicates that temperatures characteristic of the mesothermal 
range were built up in the most productive areas. Kerr (37, p. 331) gives 
a temperature of 250-450° C for the quartz epoch following the main sericite 
epoch of the porphyry copper deposits. Widespread tourmalinization points 
to unusually high temperatures for the shallow environment. Lindgren (43, 
p. 213, 637) lists tourmaline as characteristic of the hypothermal division, 
whose temperature range is estimated at 300-500° C. That alteration did 
not reach a uniformly high level in all districts is indicated by the fact that 
tourmaline is characteristic of the tin deposits but not of the tin-silver deposits. 


Intermineral Fracturing and Brecciation 


The distribution of the altered rocks provides the best evidence for an 
intermineral period of fracturing and brecciation. The altered graywacke 
at Morococala forms an oval area of northwest strike, which is transverse 
to the veins, and at Llallagua pronounced tourmalinization is controlled in 
part by breccia dikes and small fractures that are cut by the tin-bearing veins. 

Early alteration in some areas evidently converted the original rocks 
into extremely brittle rocks that were readily fractured. The closely spaced 
veins of Morococala are largely confined to the altered graywacke; the sheeted 
zones of Potosi are limited to a brittle rock, the silicified porphyry; and the 
complex veins and breccias of Huanuni are found largely in silicified sedi- 
mentary rocks. The altered competent rocks would be particularly sus- 
ceptible to tension failure, and many of the veins mentioned seem to be of 
the tension type. The stockworks, such as the Clavo Grande of Morococala, 
consist of highly broken rock ; these likewise occur chiefly in areas of intense 
alteration. 

The lenses of ore breccia at Huanuni are closely connected with the veins 
but are of uncertain origin. The breccia fragments are composed of altered 
sedimentary rocks similar to adjacent walls, but alteration is widespread 
and not restricted to the breccia zones. The breccia bodies show abrupt 
changes in strike and many veinlike branches; some grade downward into 
zones of highly fractured ground. This irregularity in outline and lack of 
continuity preclude a simple tectonic origin related to faulting (Fig. 20). 
The breccias might be of explosive origin, connected with igneous activity 
in depth, but there is little evidence of a throughgoing conduit. Moreover, 
the fragments are not of igneous character but consist of sedimentary rocks 
of local derivation. It is concluded that leaching by hydrothermal solutions 
offers the best explanation for the breccias. After intense fracturing of the 
silicified wall rock, hot solutions moved through the channelways and _re- 
moved sufficient material to produce local slumping and brecciation. The 
main difficulty with the corrosion theory is the angularity of the fragments, 
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only a few of which are slightly rounded. Following brecciation, hydro- 
thermal solutions introduced ore and gangue minerals to form ore bodies 
that are mineralogically similar to the veins. Local brecciation by solution 
action along fractures is noted in other districts and is well exemplified by 
the OK pipe of San Francisco, Utah (17, p. 516). 

The ore-bearing breccias at Llallagua are more varied in character. They 
may owe their origin to hydrothermal leaching, but their location near the 
border of the porphyry suggests that they also had some connection with 
explosive activity of the Salvadora vent. 


Formation of the Veins 


Although rock alteration was well advanced before most of the vein frac- 
tures were formed, the two processes overlapped to some degree. A little 
cassiterite occurs with tourmaline in the altered porphyry at Llallagua, and 
disseminated cassiterite, likewise associated with tourmaline, is found in the 
altered graywacke of Morococala. In areas where early alteration had not 
produced a stable mineral aggregate, attack by solutions moving through the 
vein fractures continued, and narrow bands of altered rock were developed 
along many of the veins. 

Stages in Vein Growth.—In the review of mineral sequence, five rather 
distinct stages of vein growth were outlined (Table 10). These may be 
summarized as follows: 


(1) Cassiterite, the principal tin mineral in both the tin and tin-silver 
deposits, is the most characteristic mineral of the first stage. Quartz is 
conspicuous at Llallagua but subordinate elsewhere. Wolframite and bis- 
muthinite are common associates of cassiterite; apatite, monazite, fluorite 
and tourmaline are less common vein minerals. In the mixed tin-silver 
ores of Potosi and Oruro, early pyrite is abundant, deposited in large part 
before cassiterite. 

(2) During the second stage in deposition, cassiterite of the tin ores was 
followed by pyrrhotite, which was extensively replaced by sulfides during the 
two subsequent stages. Most of the arsenopyrite and probably teallite and 
franckeite belong to the second stage. In the tin-silver ores, the common 
iron sulfide is pyrite, an essential component of the first stage. The second 
stage in these ores is represented by stannite, minor chalcopyrite and 
perhaps sphalerite. 

(3) The replacement of pyrrhotite of the tin ores was initiated during 
the third stage of vein growth with the deposition of stannite, sphalerite and 
minor chalcopyrite. In the tin-silver ores, the third stage is marked by the 
first appearance of the silver minerals, principally tetrahedrite with more or 
less andorite and possibly matildite. 

(4)The general process of mineralization characteristic of the third stage 
continued into the fourth stage. Pyrrhotite that escaped early attack was 
widely replaced by aggregates of pyrite marcasite and siderite. Some tex- 
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tures suggest that these minerals also replaced teallite and franckeite. In 
the tin-silver ores, the deposition of sulfosalts continued. The minerals 
characteristic of the fourth stage are ruby silver, lead sulfosalts and, at Oruro, 
minor galena and franckeite. 

(5) The fifth and last stage of mineralization is marked by coatings and 
mineral crusts. Siderite deposition persisted in the tin veins, accompanied 
by late sphalerite and minor pyrite. The final stage of deposition in the tin- 
silver veins is represented by late gangue, chiefly alunite or kaolinite. 

Intensity of Deposition—The mineral assemblage of the ore deposits 
gives evidence of deposition over a temperature range that is unusual for the 
shallow volcanic environment. Thus the early-stage vein minerals of the 
tin ores clearly belong to the hypothermal group: cassiterite, bismuthinite, 
wolframite and apatite. Tourmaline, which is uncommon as a vein mineral 
but abundant in the wall rock, is also typical of hypothermal deposits. In 
the tin-silver ores, cassiterite is the only early vein mineral of distinctly 
high-temperature aspect. Its association with pyrite rather than pyrrhotite 
suggests deposition near the lower limit of the hypothermal range. Thus the 
vein mineralogy, as well as the character of rock alteration, points to a lower 
maximum temperature in the tin-silver deposits than in the tin deposits. 

The second-stage minerals of the tin ores are generally of lower intensity 
than those of the first. Although pyrrhotite is characteristic of many hypo- 
thermal deposits, its zonal position in the Cordillera Real (75, p. 615) indi- 
cates that it represents a lower temperature than the high-grade cassiterite 
ore. The significance of franckeite and teallite is difficult to appraise. Their 
occurrence in veins marginal to the central cassiterite zone, as at Huanuni, 
and in the highly distinctive tin-zinc deposits points to deposition in the 
middle temperature range; their replacement by pyrrhotite would imply a 
brief period of rising temperature. Minerals of the second and third stages 
in the tin-silver ores are not highly restricted in their occurrence. As pointed 
out by Chace (19, p. 463), however, minerals such as stannite, chalcopyrite 
and tetrahedrite comprise a typical mesothermal group and were probably 
deposited at higher temperature than the lead sulfosalts of the fourth stage. 

Among the minerals of late age, marcasite is the most significant. Ac- 
cording to experiments by Allen, Crenshaw and Merwin (5), marcasite is 
precipitated only from acid solutions but over a considerable range in tem- 
perature, deposition at high temperature requiring high acidity. The asso- 
ciation of pyrite and marcasite with a carbonate, siderite, is evidence of low 
acidity and therefore of low temperature, perhaps no greater than 100—-150° C. 
Alunite and kaolinite, late-stage minerals of the tin-silver ores, are likewise 
stable at low temperature, kaolinite being a common product of weathering. 

The assemblage of vein minerals leaves little doubt that during the early 
stage of vein growth, particularly in the tin deposits, hypothermal intensities 
prevailed, with temperatures in the order of 400-500° C. Deposition con- 
tinued with decreasing temperature, interrupted perhaps by minor reversals, 
and the last minerals to form were deposited at distinctly low temperature, 
perhaps in the range of 100-150° C. 
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Chemical Composition of the Ore Solutions 


The nature of wall-rock alteration and mineralogy of the veins gives some 
clue as to the chemical character of the mineralizing solutions. The evi- 
dence, however, is not fully conclusive as detailed studies of the altered rocks 
have not been made and a difference of opinion exists as to the significance 
of the principal minerals. 

Alteration Stage-—As an essential constituent of propylitized andesite, 
chlorite is a widely distributed hydrothermal product. It also occurs in the 
fringe zone of many areas of intense alteration, where it represents the 
initial, feeble attack by the mineralizing solutions. The distribution of 
chlorite in the mining districts of central Bolivia conforms with its marginal 
occurrence elsewhere. According to the prevailing view, chlorite is de- 
posited under alkaline conditions at relatively low temperature. 

Both Lindgren (43, p. 457) and Graton (28) emphasize the alkaline 
character of the ore fluid and point to the widespread development of sericite 
as evidence of alkali attack. Schmedeman (65, p. 803), Lovering and 
Tweto (48, p. 63-67), Burbank (14, p. 81), and Kerr (37, p. 330) agree 
that sericite is usually indicative of neutral to slightly alkaline solutions. The 
mineral, however, is not exclusively a product of such solutions as Gruner 
(30) has synthesized sericite in acid solutions at temperatures above 340- 
360° C. In the Butte district, sericite has been deposited in a chemical en- 
vironment in which kaolinite was relatively stable and carbonates were not 
completely destroyed. Sales and Meyer (61, p. 27; 63, p. 272) conclude 
that the solutions were slightly acid, and pointing to the experiments of 
Gruner, they place the temperature somewhat below 340° C. That sericite 
may form from acid solutions is emphasized by Lovering (47, p. 249). 

Sericite is a common and characteristic alteration product of the igneous 
rocks of the Bolivian districts, although locally quartz or tourmaline is more 
abundant. Minerals that are indicative of acid attack, such as kaolinite 
and alunite, are notably scarce or absent as alteration products, and thé 
intensity of sericitization in some areas gives evidence of marked addition 
of potash by the mineralizing solutions. In view of these facts and general 
occurrence of sericite, the mineral may be logically attributed to slightly 
alkaline solutions at moderately high temperature. The mineral has been 
synthesized in alkaline solutions at temperatures of 225—300° C (57). 

Silica may be transported by either acid or alkaline solutions and deposi- 
tion of silica may take place from such solutions with reduction in temperature 
or by neutralization (46, p. 56). Strongly acid solutions commonly remove 
most of the bases but a large part of the silica and alumina combine to form 
the typical clay minerals. Some of the silica released from silicates may 
remain as quartz, or it may contribute to the formation of siliceous cappings 
above zones of argillic alteration (60, p. 185; 46, p. 48). 

Widespread and almost complete silicification of andesitic lavas has taken 
place in the Bonanza district, Colorado. The feldspar phenocrysts have been 
replaced by kaolinite and sericite, and the groundmass has been converted 
to a fine quartz mosaic. Burbank (14, p. 81) compares this alteration to 
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changes observed in the vicinity of hot springs in volcanic regions, and he 
believes that acid sulfate solutions best account for the intense silicification. 
Such solutions are capable of strong leaching, and in places, the feldspar 
phenocrysts have been removed. Deposition of sulfides took place after 
silicification and was coincident with late sericitic alteration under alkaline 
conditions. 

At Cerro de Pasco, Peru, the reverse sequence has been recorded by 
Graton and Bowditch (29, p. 679). Sericitization of the porphyry by alka- 
line solutions was followed by acid attack, as indicated by late deposition of 
quartz, alunite and kaolinite. 

In the Red Mountain district, Colorado, described by Burbank (15, p. 
161-205), the igneous rocks along the main channelways were strongly 
leached and the less soluble material was deposited nearby to form siliceous 
casings composed mostly of quartz and minerals of the kaolin group. In 
depth, silicification gives way to sericitization and the rocks are much more 
compact. The ore minerals, closely associated with sericite, were deposited 
within a restricted vertical interval, mostly in open space provided by earlier 
leaching. Acid attack continued, however, after the main ore stage; clay 
minerals locally vein the sulfides and the sulfides show effects of corrosion 
by late hypogene solutions. 

To explain the close association of the two contrasting types of alteration, 
Burbank (15, p. 202; 16, p. 309) advances the theory that ascending sulfide- 
bearing liquids of alkaline type were vaporized, and at higher levels the vapors 
condensed to form an acid liquid that strongly attacked the rocks. The 
theory may well apply to ore deposits of the shallow environment, where 
solutions at high temperature may be subject to rapid drop in pressure with 
consequent local boiling. 

Intense silicification is not restricted to the shallow volcanic environment 
but is recorded in a great variety of ore deposits. The replacement of lime- 
stone to form jasperoid, for example, is not uncommon, and quartz-sericite 
alteration is characteristic of the porphyry copper deposits. The jasperoid 
of the Tintic district is attributed by Lovering (46, p. 57) to nearly neutral 
bicarbonate solutions; the quartz and sericite of the altered porphyries, 
according to Peterson et al. (58, p. 840) and Kerr (37, p. 329), were prob- 
ably deposited by alkaline solutions. 

The silicified porphyry at Potosi closely resembles the altered andesite 
of the Bonanza district. A change from alkaline liquid to acid vapor by 
boiling of the solution at an appropriate level might also explain the contrast 
between the silicified porphyry of the upper levels and the sericitized por- 
phyry at greater depth. The alteration, however, differs in several respects 
from the Red Mountain example described by Burbank. Silicification of 
the Potosi porphyry has produced a brittle rock, not marked by enlarged 
openings but by small cavities. Quartz has been introduced in large volume ; 
it is not a residual product associated with clay minerals. Moreover, no 
indication has been found in depth of a zone of strong leaching that might cor- 
relate with the siliceous rock above. 
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The formation of the Huanuni breccia by corrosion involves deposition 
of silica followed by strong leaching of silica. Laboratory experiments con- 
ducted by Kennedy (36) on the solubility of silica in water may offer an 
explanation for this reversal in process. Within the high-temperature range, 
a drop in pressure with consequent expansion of the fluid results in pro- 
nounced decrease in the solubility of silica. After low pressure is attained, 
a reduction in temperature increases the solubility of silica. In the Huanuni 
district, for example, the fracturing of overlying formations might bring 
about a sudden release in pressure. This would correspond to the period of 
widespread silicification, when the solutions were saturated with silica but 
were capable of removing other constituents during replacement. After 
pressure release, a drop in temperature from say 450° to 350° C would 
promote the solution of silica, and corrosion breccias might be formed at 
favored localities. The postulated temperature range is compatible with 
the general nature of the mineralization. 

It is evident from the examples mentioned that intense silicification may 
be the result of either alkaline or acid solutions, but minerals particularly 
suggestive of acid attack are not characteristic of the Bolivian districts. It 
is concluded, therefore, that silicification was effected for the most part at 
relatively high temperature and by neutral to weakly alkaline solutions. 

Tourmaline, as a product of thermal metamorphism of argillaceous sedi- 
ments, may be deposited by fluids that escape from the magma during an 
early stage in crystallization. Such fluids, according to Bowen (11, p. 
118-119) and Fenner (24, p. 78), consist of gases of strong acid reaction. 
Tourmaline occurs with cassiterite in many tin deposits. The experiments 
of Daubree, in which he synthesized cassiterite by reaction between SnCl, 
and water, and the fluorine content of tourmaline have led to the theory that 
both minerals are formed by acid vapors containing the halogens. The 
theory, however, is rarely applied to the tungsten minerals, which are so 
commonly associated with cassiterite. 

Tourmaline may also be deposited in an alkaline environment. It is 
recorded as an original constituent of granite and aplite (66, p. 163), and 
it appears as an accessory mineral in pegmatites, grouped with minerals of 
the magmatic stage (42, p. 97). The occurrence of tourmaline veins well 
within the intrusive bodies suggests that the mineral is deposited by residual 
fluids of late derivation. Shand (66, p. 166) believes that both tourmaline 
and cassiterite are formed by such fluids and sees no reason to assume that 
the transporting agent was gaseous rather than liquid. Bowen (11, p. 118), 
Graton (28, p. 327) and others agree that magmatic fluids of residual origin 
are liquids of alkaline character. On the basis of laboratory experiments, 
Smith (69) concludes that tourmaline is deposited exclusively from alkaline 
solutions. 

The widespread development of tourmaline in the Bolivian province is 
noteworthy. In the Llallagua district, tourmaline is typical of the altered 
porphyry where it is associated with sericite and quartz rather than with 
cassiterite. As indicated previously, sericite was probably deposited from 
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slightly alkaline solutions, and the tourmaline can be attributed to the same 
solutions. Tourmaline also occurs with quartz and a little sericite in the 
altered sedimentary rocks of Huanuni and Morococala. This mineral as- 
semblage largely reflects the composition of the original sedimentary rocks, 
but fluorine and boron have been added, possibly by a process akin to thermal 
metamorphism. There are, however, no indications of intrusive bodies 
comparable in size with the altered zones and no evidence of acid attack. 
It is concluded, therefore, that the alteration was produced by residual hydro- 
thermal solutions similar to those that attacked the porphyry in other dis- 
tricts. Theories based upon the combination of tourmaline and cassiterite 
carry little weight, as the two minerals are not intimately associated in the 
Bolivian districts. 

Main Period of Vein Growth—The most important early vein mineral 
is cassiterite, associated in the tin deposits with quartz, bismuthinite, wolf- 
ramite and apatite. These minerals are found in many high-temperature 
deposits of the deep vein-zone and of near-source position and were probably 
deposited by alkaline solutions. Tourmaline is also characteristic of the de- 
posits but it occurs in the altered wall rock and rarely as a vein mineral with 
cassiterite. As emphasized previously, there is little reason to classify these 
minerals as of pneumatolytic origin, to be distinguished from others of high- 
temperature character. Smith (68) has pointed out that cassiterite may be 
deposited from alkaline sulfide solutions as well as from acid vapors, basing 
his conclusions on laboratory experiments. It is noteworthy that cassiterite 
in the tin ores is followed by pyrrhotite, which seems to be highly unstable 
in an acid environment. The early-stage minerals of the tin-silver deposits 
likewise suggest alkaline conditions. Cassiterite is associated chiefly with 
pyrite in these deposits, and tourmaline is absent except within a restricted 
area at Oruro. 

Hypogene mineral zoning is a notable feature of the Bolivian deposits, 
expressed chiefly in the limited vertical range of the high-grade ore. Hydro- 
thermal solutions reaching a shallow zone while still at high temperature 
would be subject to marked changes in temperature and pressure. A sudden 
release in pressure coincident with a period of fracturing or brought about 
by the movement of solutions into a highly fractured zone might induce local 
boiling. This would greatly accentuate the normal tendency for rapid pre- 
cipitation in the shallow zone. Such an episode of pressure release has been 
suggested to account for the shallow but high-grade cassiterite shoots of 
Liallagua (71, p. 178). But deposition probably did not take place in a 
strongly acid solution as there is no evidence of argillic alteration nor of pro- 
nounced acid leaching contemporaneous with cassiterite deposition. Pyrrho- 
tite and other minerals of the next stage extend vertically throughout the 
deposit and were probably formed at lower temperature. Their deposition 
may correlate with a period when pressure was more uniform and liquid 
solutions again moved through the channelways. Chace (19, p. 469) like- 
wise favors local boiling of the ore solution as a factor in vein growth, but 
he places this episode relatively late in the depositional history of the veins. 
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It should be noted that emphasis is placed not on major transport of metals 
in the vapor phase but on the generation of a gas as a factor in promoting 
mineral deposition. 

Another factor that may be important in determining the assemblage of 
ore minerals is the concentration of sulfur in the ore solution. The effect of 
concentration is difficult to appraise but under some conditions it seems to 
be a critical factor. In their study of the Butte veins, Sales and Meyer (62) 
conclude that sulfur concentration has had an important effect; low concen- 
tration promotes deposition of chalcopyrite and bornite and high concentra- 
tion favors pyrite and chalcocite. In a recent article, McKinstry and 
Kennedy (52) examine the possible role of sulfur in the sequence of mineral 
deposition. They point out that in the copper-iron-sulfur system the chem- 
ical potential of sulfur probably increases during ore deposition and that late 
mineral assemblages are enriched more and more in sulfur. 

No direct parallel can be drawn between the mineral sequence disclosed 
in the Bolivian ores and the examples mentioned, but sulfur concentration 
may provide the key to relationships shown by cassiterite and the two iron 
sulfides, pyrite and pyrrhotite. In the tin ores, cassiterite consistently pre- 
cedes pyrrhotite, and there is little evidence of overlap between the two. 
In the tin-silver ores, the iron sulfide is pyrite rather than pyrrhotite, and 
there is a decided overlap with most of the cassiterite following pyrite. In 
the solutions that formed the rich cassiterite ore the sulfur content may have 
been unusually low; this would lead to the deposition of pyrrhotite rather 
than pyrite and might also explain the early age of the cassiterite. In the 
solutions that produced the tin-silver ore, the sulfur concentration may have 
been much higher; this would favor pyrite rather than pyrrhotite and condi- 
tions causing deposition of pyrite might also delay the precipitation of cas- 
siterite. 

The franckeite at Llallagua seems to belong to an early stage, whereas tin 
sulfosalts would be expected to form at a late stage, along with other soft 
platy minerals. Ore solutions having an unusual concentration of tin com- 
bined with low sulfur may account for the early deposition of franckeite. 
Bismuthinite, which is also a soft platy mineral, affords another exception to 
the rule that soft minerals are generally late, as it is essentially contemporane- 
ous with cassiterite and earlier than pyrrhotite. 

Following the deposition of cassiterite and the iron sulfides, tin and iron 
continued to be precipitated but they combined with copper to form stannite, 
generally accompanied by minor chalcopyrite. These minerals, widely dis- 
tributed, are of about the same age as sphalerite. Tetrahedrite and andorite 
were deposited next in the tin-silver ores, followed shortly by lead sulfosalts 
and ruby silver. That conditions appropriate for deposition of franckeite 
may develop at a late stage is indicated by the cross-cutting veinlets of 
franckeite and galena at Oruro. 

The manner of transport of the metals remains a major problem. The 
common sulfides are soluble in acid solutions and some have been synthesized 
in alkaline sulfide solutions. Most ore deposits give little evidence of strong 
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acid attack during the main ore stage, and it seems likely that the common 
sulfides and sulfosalts were deposited under neutral to alkaline conditions. 
The main feature of the Bolivian ores that may be significant from the stand- 
point of sulfide deposition is the widespread destruction of pyrrhotite during 
a late stage of hypogene deposition. This change may mark a shift from 
alkaline to acid conditions. 

Late Acid Attack—The best evidence of late-stage deposition by acid 
solutions is provided by the tin ores. It involves the conversion of pyrrhotite 
into an aggregate of marcasite, pyrite, and siderite. The change from pyrrho- 
tite to pyrite, as pointed out by McKinstry and Kennedy (52, p. 387-389), 
may be brought about in several ways: by increase in concentration of sulfur 
under constant temperature, by decline in temperature while sulfur concen- 
tration remains constant, or by decline in both variables. However, the 
replacement of pyrrhotite in the Bolivian ores is so nearly complete in many 
veins that a more pronounced change in physico-chemical conditions is im- 
plied. The replacement of pyrrhotite by pyrite is recorded in many districts, 
whereas the replacement by pyrite, marcasite and siderite is relatively rare. 
This combination might be accounted for by a drop in temperature or by an 
increase in sulfur concentration, but it is believed that solutions of acid 
character played a dominant part in the late alteration of pyrrhotite. 

According to experimental evidence (5), marcasite is deposited only from 
acid solutions. The presence of siderite with the marcasite and pyrite 
indicates that the solutions were neither strongly acid nor at high temperature, 
but their precise nature is difficult to determine. The change from pyrrho- 
tite to pyrite and marcasite requires removal of iron or addition of sulfur, 
but as a rule, the mineral aggregate is vuggy rather than compact. This 
suggests that the chemical balance may have been attained in part by the 
removal and re-distribution of iron. The prompt deposition of a large 
amount of iron as carbonate indicates that the solutions were rich in dis- 
solved carbon dioxide; the deposition of late pyrite in part mixed with 
siderite points to the presence of appreciable sulfur. The occurrence of late 
pyrite and sphalerite as crusts and botryoidal coatings may signify a change 
from acid to neutral or slightly alkaline solutions during the final episode 
of vein growth. 

The record of late acid attack is less striking in the tin-silver ores than 
in the tin ores. It consists chiefly in the presence of late kaolinite, dickite 
and alunite. Chace (19, p. 467, 469) believes that the solutions were dis- 
tinctly acid in reaction when these minerals were deposited, and he suggests 
that local boiling of the solutions may have taken place with the development 
of an acid gas. 

Several theories have been proposed to account for the late generation 
of an acid sulfate solution from an alkaline sulfide solution. The formation 
of acid by reaction with ferric iron compounds does not seem to apply to the 
Bolivian districts as the rocks are low in ferric minerals, and the changes 
took place well below the exposed ore bodies at depths that would probably 
rule out the influence of atmospheric oxygen. A third method of acid gen- 
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eration has been advocated by Graton (27, p. 541) and has been applied 
specifically to the ore deposits of Cerro de Pasco by Graton and Bowditch 
(29, p. 683-691). It involves a reaction between water and sulfur com- 
pounds in the solution, resulting in the formation of sulfuric acid and hydrogen 
sulfide. The reaction, according to Graton, is favored by the combination of 
low pressure and high temperature. This special condition would likely 
develop in the near-surface zone if high temperature is maintained by pre- 
heating of the channelways or if fracturing brings about a sudden release in 
pressure. Moreover, if conditions are extreme, boiling of the solution may 
occur and the resulting gas would be of acid character (28, p. 348-349). 
The late generation of acid by the method described is correlated with a 
late period of vein reopening at Cerro de Pasco (29, p. 690); the same 
explanation is favored to account for late acid attack at Oruro (19, p. 468) 
and at Llallagua (71, p. 184). The presence of alunite at both Cerro de 
Pasco and Oruro points to acid solutions of the sulfate type, whereas the 
abundance of siderite at Llallagua points to solutions rich in carbon dioxide. 
Simple boiling of an alkaline solution at an appropriate, shallow level, as 
noted by Burbank (15, p. 193-202), will yield an acid gas, which on con- 
densation might produce the observed modification of the sulfide ore. 


SUMMARY: SEQUENCE OF EVENTS 


The ore deposits of central Bolivia are closely related to the volcanics and 
quartz porphyry intrusions of middle(?) Tertiary age; all probably owe 
their origin to the differentiation of the same parent magmas in depth. The 
flows and bedded tuffs of Potosi represent the earliest episodes of volcanism, 
whereas the porphyry intrusions, as well as the explosive vent at Llallagua, 
are somewhat later manifestations of igneous activity (Table 13). 

The intrusive igneous rocks of the region are of shallow-seated character, 
and the ore deposits likewise were formed relatively close to the original 
surface. The nature of rock alteration and the vein mineralogy give evidence 
of deposition at temperatures well above those that normally prevail in the 
near-surface zone. Although the intrusion of magma introduced some heat 
into the shallow zone, the ore solutions themselves provided the principal heat 
source. As the solutions continued to flow, the temperature along the chan- 
nelways gradually increased. This period of rising temperature is corre- 
lated with rock alteration and the progressive development of chlorite, seri- 
cite, quartz and tourmaline (Table 13). The concept of advancing alteration 
fronts, which Sales and Meyer (61) have applied to the alteration zones at 
Butte, is consistent with the alteration pattern in the Bolivian districts, al- 
though the vein fractures did not provide the main channelways during this 
period of mineralization. Instead, the solutions were guided in part by 
breccia dikes, contacts and irregular fractures; in places, alteration was so 
intense and pervasive that the early channelways have been completely 
obliterated. 
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After rock alteration was well advanced, extensive fracturing took place 
and vein growth was initiated. Maximum temperatures were probably 
reached during the late stage of rock alteration and early stage of vein 
growth, when cassiterite was being deposited in abundance. During sub- 
sequent growth of the veins, deposition of sulfides and sulfosalts probably 
took place on a decreasing temperature scale. That the maximum tempera- 
ture reached in the tin-silver deposits was somewhat less than that of the 
tin deposits is suggested by the contrast in mineralogy of the two ore types. 

The mineralogy of the veins differs markedly from that of the altered 
wall rock. The reason for this contrast is a matter of speculation but may 
reflect a fundamental change in the solutions at the source, those of later 
derivation being relatively rich in metals. This theory, stressed by Neumann 
(55) and Lovering (46, p. 62), seems to offer the best explanation for the 
observed relationship. 

Both the tin and tin-silver ores combine minerals characteristic of the 
high-intensity and low-intensity groups; temperatures probably ranged from 
400° or 500° C when tourmaline and cassiterite were being deposited to a 
low of 100—150° C during the pyrite-marcasite-siderite stage. Rapid changes 
in temperature and pressure, which are likely to take place in the shallow 
zone, are reflected in high-grade ore shoots, in unusual mineral assemblages, 
and in complex ore textures. A release in pressure combined with drop 
in temperature might explain the formation of corrosion breccia, which in- 
volves a shift in solution chemistry from silica deposition to silica leaching. 

A rapid reduction in pressure would also promote the generation of a 
gas phase if the solutions were at high temperature. The liquid and vapor 
phases would be of contrasting character, and the boiling of an alkaline liquid 
might yield a gas of acid reaction. However, the mineralogy suggests that 
solutions of neutral to weakly alkaline character prevailed during the period of 
alteration and early vein growth. More convincing evidence of acid attack 
is found in the late alteration of pyrrhotite and in the deposition of alunite 
and kaolinite. Perhaps local boiling contributed to the formation of acid 
fluids during the late stages of mineralization, but the combination of high 
temperature and low pressure might promote reactions within an alkaline 
fluid that would yield an acid fluid of the sulfate type. 

In conclusion, it may be noted that the five ore deposits described, al- 
though varied in structure and mineralogy, were all formed in the shallow 
zone and all possess the characteristics of the xenothermal class as defined 
by Buddington (13). The degree of telescoping is perhaps greater at 
Liallagua and Huanuni than at Oruro and Potosi. Morococala might be 
designated as a hypothermal tourmaline-cassiterite-pyrite deposit, but micro- 
scopic study reveals the complex depositional history of the ore and its re- 
semblance to the telescoped, xenothermal tin ores of Llallagua and Huanuni. 


UNIVERSITY OF MICHIGAN, 
ANN Arsor, MIcH., 
May 13, 1959 
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SCIENTIFIC COMMUNICATION 


THE GEOCHEMISTRY OF RHENIUM—ADDENDUM 
MICHAEL FLEISCHER ? 


WHILE my review (2) of this subject was in press, two papers appeared in 
the U.S.S.R. to which attention should be called. 

The first of these, by Zhirov and Ivanova (4), gives 19 new determinations 
of rhenium in molybdenites and also quotes some additional data by Basitova 
(1), not previously available in the United States. These analyses, made by 
a colorimetric method, are summarized in Table 1. From them, Zhirov and 
Ivanova draw the conclusion, stated by them to have been reached previously 
by Basitova (1), that the content of rhenium in molybdenites increases as 
one goes from high-temperature to medium-temperature deposits. 


TABLE 1 


RHENIUM IN MOLYBDENITES FROM DEPOSITS OF VARIOUS GENETIC TYPES 
(MODIFIED FROM ZHIROV AND IVANOVA, 1959) 


| | 





! 
} . | Range of | Av. 
Type of deposit | Name of deposit | -...% — — | Ref. 
| ppm ppm 
Skarn Tyrny-Auz, northern | | 
Caucasus | “7 3.3 (1) 
Cassiterite-wolframite- | Central Kazakhstan | | 
molybdenite (high-temperature) |Kara Oba 12 | 1.0-5.8 | 3.3 | (4) 
Akchatau | 1 1.2 (4) 
| Airshoko | 4 | | 2.7 (4) 
Dal'nensk | 1 | 2.2 (4) } 
Molybdenite-pyrite (transitional | Shalgiya, Central | 
from high-temperature to Kazakhstan | 4 22-39 | 32 | (4) 
medium-temperature) 
Molybdenite-chalcopyrite Kounrad, Central | | 
(copper-molybdenum, Kazakhstan } } 150 (1) 
medium-temperature) Kajaran, Armenia | 160-410 } (1) 
Aigedzor, Armenia | | 780 | (1) 


The data are interesting; the large variations among the molybdenites of 
porphyry copper deposits remain unexplained. 

The second paper, by Satpaeva, Kalinin, and Fain (3), described a rapid, 
but sensitive spectrographic method that permitted study of many concentrates 
and ores from the Dzhezkazgan deposits of Kazakhstan. Their data on the 


1 Publication authorized by the Director, U. S. Geological Survey. 
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ores are given in Table 2. The results are surprising in that rhenium is 
found in appreciable amounts not only in copper-rich but also in lead-rich 
and zinc-rich ores, and apparently is present in some mineral other than 
molybdenite, although the rhenium and molybdenum contents are stated to 
be similarly distributed. Further study of the mode of occurrence is evidently 
necessary. The highest content of rhenium noted is in a concentrate of 
bornite ore containing Cu 56.3%, Re 150 ppm. 


TABLE 2 


RHENIUM AND MOLYBDENUM IN ORES OF DZHEZKAZAGAN, KAZAKHSTAN 
(AFTER SATPAEVA, KALININ, AND FINE (3)) 


























Re | Mo 
Type of ore No. No. | Gaseous | No. No. c 7 
| samples positive | ange saa samples | positive ontent 
analyzed results | PI analyzed results a 
= = | all ; 
Sulfide ores of first phase of mineralization 
io | | 
Chalcopyritic ore 24 22 | trace to 40 13 | 11 trace to 30 
Bornitic ore 60 57 trace to 50 | 44 | 43 trace to 50 
Bornite-chalcopyrite ore 32 29 =| 1to 40 | 13} 12 | <3 to 50 
Chalcocitic ore 20 17 | trace to 40 15 15 trace to 50 
Galenitic ore 13 13 3 to 40 6 6 | <10 to 50 
Sphaleritic ore 10 8 1 to 30 | 7 6 | <10 to 50 
a aed e Wece | PE concise 
Minerals of the second phase of mineralization 
Chalcopyrite 8 — — 7 3 trace 
Bornite 9 2 trace 7 2 trace 
Chalcocite 5 2 trace 3 1 | trace 
Sphalerite 4 -- - 3 
Pyrite 1 - 1 trace 
Galena 3 - 3 trace 
Tetrahedrite 7 | 4 
Domeykite 1 | 1 
| 
Mixed (sulfidic-oxidized) and oxidized ores 
Chalcocitic ores 5 4 | trace to 7 | — = ~- 
Mixed ores 42 25 trace to 10 40 31 | trace to 30 
Oxidized ores | 47 8 <1 26 14 | trace to 40 
| 





The paper also presents data on samples from the Dzhezkazgan beneficiating 
mill and the Karsakpaisk copper smelter; these are given in Table 3. 

The data in this paper confirm the possibility previously stated (2, p. 1412) 
that systematic study might “turn up a source of rhenium not now guessed.” 


U. S. GEOLOGICAL SURVEY, 
WASHINGTON, D. C., 
Jan. 25, 1960 
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TABLE 3 

Name of product Rhenium content, ppm 
Sulfidic copper ore 4-5 
Copper concentrate ~ 40 
Lead concentrate et 2S 
Tails of beneficiation mill 1-1.5 
Matte ~ 20 
Waste slag 4 
Ash of reverbatory furnace, opening 12 ~ 20 
Dust of blue walls of reverbatory furnace near tubes *“ ~ 50-100 
Crude copper 
Converter dusts from chambet ~ 80 
Converter dusts from tubes (discharge) ~200 
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DISCUSSIONS 


MONAZITE-BEARING PEGMATITES IN THE 
SOUTH GEORGIA PIEDMONT 


In volume 54, pp. 1309-1311 of this journal, Mr. Fortson and Mr. Navarre 
reported on “Monazite-bearing Pegmatites in the South Georgia Piedmont.” 
Their report deals, specifically, with two small areas about 34 miles south- 
west of Culloden. At the first locality, according to Mr. Fortson and Mr. 
Navarre, there is “an elongated semi-concordant pegmatite” of unknown 
dimensions in sheared biotite gneiss. At the second locality there are two 
types of occurrence: (1) scattered semi-concordant pegmatite veinlets, and 
(2) ‘‘a weathered bank in which larger crystals of monazite definitely cut 
across the foliation and had no other mineral associates.” At both localities, 
they report, the pegmatites are in shear zones “in a complex series of what 
in many places appears to be metamorphosed volcanic rocks... .”’ Mr. 
Fortson and Mr. Navarre imply that monazite occurrences are rare in this 
part of Georgia and that “geologic relations are obscure.” 

An independent investigation hardly corroborates this report. First of 
all, monazite-bearing rocks are abundant in this and other parts of Georgia 
(1). The monazite is found typically as an accessory mineral of microscopic 
size but up to 0.5 mm across in biotite gneisses—particularly migmatites or 
lit-par-lit gneisses. The crystals are regularly distributed in some of the 
biotite gneisses, but in the migmatites or lit-par-lit gneisses they are typically 
concentrated in the quartz-feldspathic bands and are generally coarser (crystals 
up to 4 mm across). The pegmatites related to these gneisses generally also 





bear monazite. 

At the first locality mentioned by Fortson and Navarre (Fig. 1) the 
monazite is concentrated in a narrow pegmatitic band about 25 feet wide by 
150 feet long in biotite gneiss. This band differs from the enclosing gneiss 
only by a somewhat coarser average grain size and more prominent gneissic 
structure. It is composed of the same minerals as the enclosing gneiss, and 
its boundaries are not distinct. It is best described as a pegmatitic zone. 
Contrary to the report of Fortson and Navarre, neither it nor the bounding 
gneiss reveals any evidence of unusual shearing (they do not even look 
sheared). Due north of locality 1 about 350 feet is another pegmatitic mass 
(not mentioned by Fortson and Navarre), which is larger than the first and 
irregular in shape but also marked by a radiation high (Fig. 1). The geologic 
map (Fig. 2) shows clearly that both pegmatitic masses are in a plunging 
anticline. They are not in a shear zone. 
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The gneiss at this locality is composed of coarse, irregularly shaped per- 
thite and dark red-brown biotite in a finer matrix of interlocking quartz, 
plagioclase, and K-feldspar. Variations in grain size and the percentage of 
biotite and feldspar impart to the rock its gneissic banding. In the biotite are 
dark pleochroic halos enclosing minute highly birefringent crystals. The 
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Fig: 1 


accessory monazite is pale yellow to pale brown, generally in crystals less 
than 0.5 mm across in or near biotite. Selected fist-sized specimens contain 
up to 11 percent monazite; composite samples that are more representative 
contain 0.07—2.2 percent (spread of five samples). Monazite is not restricted 
to the pegmatitic band but is also an accessory mineral in the enclosing gneiss. 

At the second locality mentioned by Fortson and Navarre the monazite is 
found in small pegmatitic stringers, lenses, and pods in coronite (not amphi- 
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bolite!). The presence of monazite in a weathered bank (an excavation in 
saprolite) generally would not be considered sufficiently different from its 
presence in the underlying, less weathered rock, to warrant mention as a 
separate and significant type of occurrence. The largest monazite crystals at 
this site are less than a quarter inch across; whether they definitely cut across 
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the foliation as stated by Fortson and Navarre might be true, if there is a 
foliation in the pegmatitic stringers. Their assertion that the monazite crys- 
tals “had no other mineral associates” is harder to accept. 

The complex series Schist-Gneiss-Amphibolite of Fortson and Navarre is 
resolved by a little geologic mapping to biotite gneiss and coronite. Both 
rocks have been locally pegmatized (incipiently migmatized?). The coronite 
is a medium- to coarse-grained rock consisting of pyroxene, plagioclase, horn- 











DISCUSSIONS 613 


blende, and garnet: thin garnet coronas enclose hornblende coronas, which 
in turn enclose pyroxene cores. These rocks are classic examples of coronite. 
They are not properly called amphibolite. In view of their coarse grain size 
and coronal texture, both clearly visible to the unaided eye, they are hardly 
metamorphosed volcanic rocks. 

The rhyolite, phyllite, and angular fragments of possible pyroclastic origin 
reported by Fortson and Navarre were completely overlooked when the de- 
tailed field work on which this note is based was done. Distinctive rocks like 
rhyolite and phyllite would be expected to stand out conspicuously against the 
usual coarse-grained high grade metamorphic rocks of the Culloden area. A 
reexamination has not disclosed either of these rocks, and it is suggested that 
they must be exceedingly rare, if present. 

VERNON J. Hurst 

Dept. oF Mines, MINING AND GEOLOGY, 


ATLANTA, GEORGIA, 
December 13, 1959 
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MONAZITE-BEARING PEGMATITES IN THE SOUTH 
GEORGIA PIEDMONT—A REPLY 


Sir: Sometimes in attempting brevity, data are omitted that may permit 
misinterpretation. Such is the fact as regards several points in the paper (3) 
discussed by Dr. Hurst. First, the writers did no detailed work, either struc- 
tural or petrographical in the Culloden area. The article was purposely sub- 
mitted under “Scientific Communications” for this reason. On the other hand, 
it was considered of sufficient interest to call to the attention of others and to 
invite more detailed work, such as Dr. Hurst has done. 

In paragraph one of Dr. Hurst’s discussion, apparently no disagreement 
exists, although the last sentence needs clarification. The sentence reads: 
“Mr. Fortson and Mr. Navarre imply monazite occurrences are rare in this 
part of Georgia and that geologic relations are obscure.” The paucity of 
monazite was not under discussion and there was no statement or implication 
intended that would limit or enlarge the commoness of its occurrence. It was 
stated (3, p. 1309, paragraph 2) that a few monazite pegmatite occurrences 
are known in the “monazite belts’ of Mertie (4). The other part of the 
sentence, quoted above (“. . . geologic relations are obscure’), was taken from 
another connotation and paragraph in which reference was made to the rela- 
tionship of mica pegmatites of the Thomaston-Barnesville district and the 
monazite pegmatites under discussion. 

Dr. Hurst’s second paragraph reads, in part, “. . . monazite bearing rocks 
are abundant in this and other parts of Georgia.” Reference is made to 
Mertie (4) who mentioned only one monazite occurrence near the district 
under discussion and this is ten or more miles northwest of Adam’s property 
(4, p. 26). If others are known in the Culloden district (and they doubtless 
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exist), the writers would like to know of them. Until such occurrences are 
published, however, they must conclude that the remainder of Dr. Hurst’s 
second paragraph is concerned with monazite areas not as yet disclosed. 

Dr. Hurst, in his third paragraph, discusses pegmatization and shearing 
at location 1. The writers do not consider that there is any major disagree- 
ment regarding pegmatization, be it a zone or a body. Concerning shearing, 
it is to be pointed out that the writers did not use the term “shear zone” in 
the sense of LaForge (1). The writers agree with Dr. Hurst that there are 
local undulations in the country rock. At the same time, it is thought that 
the area under discussion has been subject to shearing stresses. Surely Dr. 
Hurst did not interrd to imply any lack of compatibility between shearing and 
anticlinal folding. Concerning the statement that the rocks “don’t even look 
sheared,” Fortson has seen rock near this area that looks like massive quartzite, 
but microscopic examination reveals mylonitic texture. It doesn’t “look 
sheared” either. 

Attention is called to the shearing in the mylonite noted in the southeast 
corner of the map (3). 

Also, with reference to the third paragraph, the writers are glad to see 
that detailed work has revealed another monazite locality. More work of this 
quality would probably uncover additional monazite occurrences in adjacent 
areas. 

The fourth paragraph confines itself entirely to some of Dr. Hurst’s own 
work. 

Dr. Hurst’s fifth paragraph contains three points that need clarification: 
(1) concerning the importance of reporting monazite crystals in the weathered 
rock at Site 2, it should be stated that the largest crystal found by Navarre 
vas approximately 2 X 1 inch; it will be noted from the original article that 
the area has been excavated since the discovery of these crystals, therefore, it 
is quite possible that Dr. Hurst did not find crystals larger than } inch when 
he was on this property; (2) crystals were found oriented transverse to the 
foliation of the enclosing rock; (3) the statement concerning the mineral asso- 
ciation refers to the saprolitic remains of the original rock; there was no evi- 
dence of quartz or kaolin, which should have been present in a decomposed 
acid pegmatite ; unquestionably, there were other minerals associated with the 
original occurrences of the monazite but they were not distinguishable when 
the crystals were discovered. 

In reply to Dr. Hurst’s sixth and seventh paragraphs, the writers do not 
think that the area labelled “Schist-Gneiss-Amphibolite” is as simple as indi- 
cated. It should be re-emphasized that the writers’ work was not detailed and 
the note was based on field evidence only. The discussion of paragraphs six 
and seven may be broken into three parts: (A) the term amphibolite was 
chosen because the field identification fits descriptions as noted in the following 
publications: Turner & Verhoogen (5), Tyrrell (6), and Williams, Turner, 
Gilbert (7), as well as the definition in The Glossary of Geology (1); (B) 
meta-voleanic rocks were not seen in the immediate vicinity of the monazite 
occurrences ; approximately 2.1 miles N 80° E of the center of Culloden a 
small outcrop of massive, aphanitic, dark-grey rock (meta-rhyolite or fine- 
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grained felsic meta-sediment?) is exposed on the north side of Georgia 74; 
the rock is hard to break with a hammer and has conchoidal fracture ; an expo- 
sure in a road 1.4 miles S 10° W of Pleasant Hill reveals an “augen gneiss,” 
where unsheared is seen to be a breccia (in part of pyroclastic origin?) ; (C) 
amphibole-bearing rocks, in which coronas have been described, are called 
“charnokites” in the Thomaston Quadrangle (2), a few miles west of the 
area under discussion ; a discussion of coronites in Georgia, although interest- 
ing, was purposely avoided. 
As already stated, the purpose of the original paper was not to report de- 
tailed studies, but to invite detailed studies. 
CHar_es W. Fortson, JR. 
ALFRED T. NAVARRE 
GerorGIA INSTITUTE OF TECHNOLOGY, 
ATLANTA, GEORGIA, 
Feb. 24, 1960 
REFERENCES 


1. American Geological Institute, 1957: Glossary of Geology and Related Sciences, p. 263. 

2. Clarke, James W., 1952, Geology and mineral resources of the Thomaston Quadrangle: Ga. 
Dept. Mines, Mining and Geol. Bull. 59, p. 5-80. 

3. Fortson, Charles W., Jr., and Alfred T. Navarre, 1959, Monazite-bearing pegmatites of the 
South Georgia Piedmont: Econ. Grot., v. 54, no. 7, p. 1309-1311. 

4. Mertie, John B., Jr., 1953, Monazite deposits of the southeastern Atlantic states: U. S. 
Geol. Surv., Cir. 237, p. 20-26. 

5. Turner, Francis J., and John Verhoogen, 1960: Igneous and Metamorphic Petrology, p. 454, 
546, 549, 550. 

6. Tyrrell, G. W., 1926: The Principles of Petrology, p. 311. 

7. Williams, Howell, Francis J. Turner, and Charles M. Gilbert, 1954: Petrography, p. 239, 
240-243. 


THE SOURCE BED CONCEPT? 
Sir: Messrs. Murray, Carter and Hall (Econ. Gror., Vol. 54, No. 5 


1959) have offered a lengthy criticism of some aspects of my discussion on 
C. L. Knight’s paper “The Source Bed Concept” (Econ. GEot., vol. 53, No. 
7, 1958). While I appreciate the danger that the theme of the original paper 
can become lost in side issues, yet the discussion by Murray et al does call 
for reply. 

My remarks regarding mineragraphic evidence were certainly not meant 
in the context accepted by Murray et al, but were simply meant to imply 
that mineragraphic evidence is not necessarily the final answer. It must be 
considered in association with other data. I pointed out that such laboratory 
data—dealing mostly with magmatic origin of ores—are at present far more 
voluminous and more correctly documented than are routine field observations 
or material pertaining to syngenesis. These latter do not attract so much 
attention ; they do not have, if the expression may be pardoned, any aura of 
wizardry. The point to be made is that one aspect of a problem must not 
be allowed to dominate other aspects. I am not impressed by Murray et al’s 
statement that the idea of syngenesis at Mount Isa was discussed and re- 
jected “more than 20 years ago.” 








1 Published with the permission of the Director, Bureau of Mineral Resources, 
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Murray et al. have correctly pointed out that I do not have an intimate 
knowledge of the mine geology; but I have not anywhere attempted to discuss 
the geology of Mount Isa mine in detail. I did not anywhere lay claim to 
being the first to suggest that sedimentary structures existed at Mount Isa. 
However they were most certainly not demonstrated to me as such and I know 
of a large number of people who were not aware of their presence. Since my 
last visit to the mine over two years ago, the idea of such features has become 
quite popular (or unpopular) and I did have something to do with bringing 
the matter to the attention of a number of interested people. In regard to 
Murray et al’s statement that they “do not concede that Mount Isa crenulations 
and breccias are examples of primary slump structures” Figure 1 is offered 
to the reader for inspection. (As Murray et al. correctly point out, these 





Fic. 1. Finely laminated sulfide (galena, sphalerite and pyrite) ore, Mt. Isa 
mine, showing a primary slump nappe modified by a secondary fold. (A) indi- 
cates direction of slumping (up dip in this case); (B) the axis of the secondary 
(tectonic) structure. 


features are quite “photogenic” —unfortunately the equally convincing breccias 
are not.) I interpret this as a slump nappe modified by later tectonic move- 
ment. The reader can form his own opinion. 

There is neither any reason for surprise nor for excitement about the 
presence of such features; on the contrary, it would be most surprising if, in 
a lithology such as the Mount Isa Shale, such features were not present. They 
do become important in their bearing on the origin of the deposit: but I did 
not anywhere set out to prove that the Mount Isa deposits were syngenetic, 
whatever my own personal opinion may be. I am therefore puzzled by 
Murray et al’s final remark that I have “picked a poor example in trying to 
fit the unique Mount Isa deposit to (my) theories.” I merely pointed out 
certain features that I continue to believe have not been correctly interpreted 
and documented, drew attention to others and noted a discrepancy in age 
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that is relevant, in support of a general plea for more careful documentation 
of features pertaining to syngenesis. This does not constitute a “theory” but 
rather, I hope, an earnest desire to see more such material in the literature 
in order that in the foreseeable future we might be able to rely more on a 
balance of facts and less on philosophy or tradition. 

Mr. Carter and his staff receive and deserve every credit for the fact that 
their exploratory work at Mount Isa mine has resulted in very large increases 
in the mines reserves over the past few years. However, it is an aphorism 
that the geometry of a known deposit can be established without the reasons 
for such geometry being fully understood; and as one of many who are 
interested and participating in the search for new deposits, Messrs. Murray, 
Carter and Hall will, I hope, excuse me if I continue to question certain 
aspects of the currently available, published data on their mine. 

B. P. WALPOLE 
BuREAU OF MINERAL RESOURCES, 
CANBERRA, AUSTRALIA, 
Jan. 11, 1960 


STRUCTURAL HISTORY OF THE BEAVERLODGE AREA? 


Sir: A letter by Hill (Econ. Geor., vol. 54, no. 8, p. 1577) raises several 
questions concerning my paper of the above title (2). First, Hill states that 
the structural history of one fault is not a structural history of the whole 
Beaverlodge area. This seems, by itself, a reasonable statement and may 
have been brought on by the fact that I devoted considerable space to dis- 
cussing movement on the St. Louis-ABC fault. However, I am disheartened 
to think that, because I did so, Hill missed my remarks concerning the Black 
Bay fault (p. 482, 487, 488, 489, 490, 493) as well as the descriptions of 
schistosity, major and minor folds, stratigraphic relations and interpretations 
thereof (p. 479, 480, 492). 

Second, Hill mentions two faults, not described in my paper, that “show 
right-handed movement of 1,000 to 1,200 feet.” The wording here is un- 
fortunate. Hill should” have seen to it that “right-handed movement” was 
preceded by the word “apparent.” His original measurements (4) consisted 
of taking the separation between doubtfully equivalent Tazin rocks along 
lineaments of uncertain or unknown dip. Actually, Hill’s faults seem typical 
of hundreds of minor breaks in the area. Where it is possible to work out 
relative slip movements, these are generally less than 150 feet. 

Third, Hill asks, “What evidence exists for the ‘reactivation of stresses’ 
and the ‘late change in direction of force suggested by cross-folding’ of Table 
1?” I am puzzled by this as the answer seems embodied in the question; 
i.e., cross-folding suggests (although it does not prove) a subsequent change 
in direction of compression. If Hill means to ask for the evidence of cross- 
folding itself, this is given on page 480. 

Hill closes with the statement that a footnote in my paper drawing atten- 
tion to a discussion by Gussow (3) would have been appreciated. As my 
paper had been in press for six months prior to publication of Gussow’s work, 
IT am not sure that Hill’s request for a footnote is reasonable. Apart from 


1 Published by permission of the Director, Geological Survey of Canada, 
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this, however, I feel obliged to point out that Gussow’s paper, although it is 
a stimulating discussion of some of the correlation problems of the Athabasca 
series, contains certain misinformation on the structure of the Beaverlodge 
area. For example, Gussow depicts the Black Bay and St. Louis faults as 
regional thrusts, dipping north (p. 8, 9, 14), whereas these are both regional 
normal faults that do, in fact, dip south. 
J. A. CHAMBERLAIN, 
GEOLOGICAL SURVEY OF CANADA, 
OTTAWA, ONTARIO, 
Feb. 6, 1960 
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Precambrian, 
ILMENITE ALTERATION UNDER REDUCING CONDITIONS 
IN UNCONSOLIDATED SEDIMENTS? 


Sir: The report of experimental alteration of ilmenite to rutile and pyrite 
in the presence of H,S by Gruner (3) is of considerable interest in the study 
of heavy residues of sediments deposited in a reducing environment. IImenite 
in certain bauxites may also have been altered under reducing conditions. 
Recently I examined a number of heavy residues from samples of unconsoli- 
dated sediments of the nonmarine Cretaceous group in the Maryland Coastal 
Plain. The samples were obtained in the course of a cooperative investiga- 
tion of clays by the Maryland Geological Survey, the U. S. Geological Survey, 
and the U. S. Bureau of Mines. These sediments contain authigenic titanium 
minerals as well as pyrite and siderite. 

Sands and clays derived from deeply weathered crystalline rocks were 
deposited in swamps and lagoons by rivers draining part of the Appalachian 
region. The swampy conditions provided a reducing environment. Some 
of the heavy residues from these sediments contain authigenic rutile as en- 
crustations on, and as recrystallizations of, the edges of ilmenite grains. 
Some ilmenite grains are almost completely replaced by a dark-brown resinous 
mineral that was identified as rutile. Other ilmenite grains have light-yellow 
patches and strings of anatase on their surfaces. Pyrite is present in about 
one-fifth of the 300 samples examined, and although it is generally in small, 
well-crystallized cubes and pyritohedra, some of it encrusts ilmenite suggesting 
that it has formed from the ferrous iron of the ilmenite. Authigenic anatase 
and brookite occur in small amounts in many of the samples. 
more plentiful than brookite. 

Titanium minerals occur in most bauxites and laterites. The terra rossa 
type of bauxite that originates by the alteration of clay in a limestone environ- 


Anatase is 


1 Publication authorized by the Director, U. S. Geological Survey. 
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ment contains, on the average, 2 percent TiO, as anatase, rutile, and brookite 
that have crystallized authigenically. Some of the Hungarian bauxites studied 
by Bardossy and Bardossy (1) were originally associated with swamp condi- 
tions that produced pyrite. Siderite is present in the redeposited bauxite of 
Arkansas described by Gordon and others (2). Bardossy and Bardossy (1, 
p- 201) mention that Ti** may be present in reducing conditions, although 
Ti** is the usual valence state in most natural situations. Shtcherbina (6) 
indicated that both Ti** and Ti** may be present under conditions in which 
Fe** is stable. Latimer (5, p. 267) shows that equal concentrations of Ti** 
and Ti** may be present in 4.1 N H.SO, where E° = — 0.056 v. The re- 
action Ti** + H,O = TiO* + 2H* + e takes place at E° = — 0.1 v (5, p. 
342). Gruner’s (3) second equation, FeS + H,S — FeS, + H, provides 
conditions under which the change of Ti** to TiO,** can occur. The redox 
potential of environments in which siderite and pyrite are crystallizing is be- 
tween Eh = — 0.1 and — 0.3 (4, p. 26). The amount of reduction of Ti** 
to Ti** in an environment with siderite and pyrite at pH 3 and pH 4 was 
calculated by the Nernst equation to be: 


PERCENTAGE OF Ti**t REDUCED 


pH3 pH4 
Eh, —0.1 0.3 0.002 (siderite environment) 
Eh, —0.3 84 5 (pyrite environment) 


The swamp environment of the Cretaceous nonmarine sediments on the 
Maryland Coastal Plain had a redox potential of between — 0.1 and — 0.3 
as shown by the presence of siderite and pyrite. The pH was probably about 
3 to 4 because many of the clays are now acid (John W. Hosterman, U. S. 
Geological Survey, oral communication). This environment was therefore 
one in which the alteration of ilmenite to rutile and pyrite could occur. How- 
ever, it is unlikely that more than a small part of the total pyrite present was 
formed in this way because ilmenite is not abundant in these sediments. Also 
most of the iron was released from adhering ferric oxide on the clay particles. 
Reducing conditions may have an important effect on the alteration of iron- 
bearing detrital minerals such as garnet, amphiboles, and staurolite in sands 
or clays in which pyrite and siderite occur but this has not yet been studied. 


DorotHy CARROLL 
U. S. GEOLOGICAL SURVEY, 
WasHINcTOoN 25, D. C., 
Feb. 22, 1960 
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REVIEWS 


Boston, A Topographical History. By Water Murr Wuiteneap. Harvard 
University Press, 1959. 


The word topographical in the title calls for brief mention of this attractive 
book. But lest geomorphologists become overintrigued, one should hasten to note 
that the topographic changes are mainly man-made and the history begins in 1632 
except for passing reference to Irving Crosby’s geological studies. Many quaint 
and interesting maps are reproduced as well as a host of illustrations of colonial 
and more modern buildings. Had the maps been redrawn by a geologist they would 
have constituted an attractive and legible chronological series on uniform scale 
and orientation depicting the progress in filling in of the Mill Pond and the Back 
Bay. But few geologists or geographers could have written such a charming story 
of the growth from a cluster of houses at the base of Tramountain to a metropolitan 
city. 

H. E. McKinstry 


General Crystallography: A Brief Compendium. By W. F. ve Jonc. Pp. 281; 
figs. 231; tables 41. Translated from Dutch edition of 1951, with emendations 
and additions, by Miss J. Pouwelson and Messrs. T. McClintock and N. F. M. 
Henry. W. H. Freeman & Co., San Francisco, 1959. Price, $6.00. 


The subtitle describes this book perfectly. Part I (p. 1-92), geometric crystal- 
lography, contains brief but very good sections on description, calculation, drawing, 
and goniometric determination of crystals. Part II (p. 93-134), structural crystal- 
lography, contains an historical note and-sections on structure theory, and the de- 
termination of crystal structure. Part III (p. 135-186), chemical crystallography, 
discusses bonds, particles, and structures, both in general and in particular. Part 
IV (p. 187-266), physical crystallography, contains phenomenological and explana- 
tory sections covering important properties. 

This book appears to be a practical, albeit very condensed summary of the pres- 
ent state of the science (and art) of crystallography. Nearly any one would find 
it an important and useful reference for individual study, and if supplemented and 
perhaps leavened by suitable lecture material it might be useful as a textbook. 
The translation team are to be commended for their excellent work. 

H. WINCHELL 


Principles of Geology. By Grorce W. Bain. Pp. 563. Lithoprinted at Ed- 
wards Bros., Ann Arbor, Michigan, 1959. 


This is quite an unusual elementary textbook in many ways. The author states 
on page on: “The treatment of Principles of Geology is novel for contemporary 
textbooks in procedural form, scientific content, and in many arbitrary decisions.” 
The first three pages explain the form. There are five main sections: I, The Study 
Called Geology (9 p.); II, Gradational or Destructive Activity; III, Consolidation 
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of the Record; IV, Restorative or Constructional Activity; V, Geology in Human 
Affairs; VI, Appendices. Each section has its own table of contents; and each 
subsection has its separate table of contents, all indicated by numbers and letters. 
Footnotes are carried at the bottoms of the pages to indicate supplementary reading. 
The extensive use of main, subheadings, and marginal subheads gives a somewhat 
jerky impression to the reader. There are a large number of excellently chosen 
line drawings but unfortunately many of them are over-reduced. 

The subject matter is that generally included in elementary textbooks and in- 
cludes many of the author’s own observations gleaned from wide travel. The sec- 
tion on Geology in Human Activities includes much interesting material not ordi- 
narily found in elementary texts. The appendices (wrongly paginated) include 
minerals, rocks, the story of a region (Van Horn, Texas), and geologic time scale. 


Physics and Geology. By J. A. Jacors, R. D. Russe_t and J. Tuzo Witson. 
Pp. 424. McGraw-Hill Book Co., New York, 1959. Price, $9.75. 


The authors in this book draw upon geophysics, geology, and geochemistry to 
describe the nature, composition, and behavior of the earth. The book is planned 
to give students of geology some idea of the physics of the earth and to give other 
scientists a knowledge of geology in relation to geophysics. The book is an out- 
growth of courses given to senior undergraduates and graduate students in the 
Departments of Physics and of Geology at the University of Toronto. 

The 17 chapters cover: The Universe and the Solar system, seismology, compo- , 
sition of the earth, gravity, thermal history, geomagnetism, upper atmosphere, geo; 
chronology, isotope geology, dynamics, ocean floors, inactive mountains, origin of 
earth surface features, and glaciology. Six appendices contain supplementary mate- 
rial. Lists of suggested readings follow each chapter. The book is quite broad 
in its scope. 

The book is well integrated, well written, and well illustrated. It should serve 
as a valuable text and reference. 


Igneous and Metamorphic Geology, 2nd Edit. By Francis J. TurNer and 
JouHN VERHOOGEN. Pp. 694; figs. 115. McGraw-Hill Book Co., New York, 
1960. Price, $12.00. 


The first edition of this book has become a worldwide standard reference for 
advanced students, research workers, and teachers in petrology. This second edi- 
tion has been considerably revised and incorporates recent developments in petrol- 
ogy and geochemistry. It now contains 24 chapters, an increase of 2 chapters over 
the first edition, and contains 92 more pages. The first 12 chapter headings are 
identical with the first edition. Chapter 13, on Nepheline Syenite, Ijolites, and 
Carbonatites is new, as is Chapter 17, the Chemical Principles of Melamorphism, 
and Chapter 19, Facies of Contact Metamorphism. The section on igneous petrol- 
ogy has been expanded and summarizes the important experimental work in this 
field since 1954. Much new data are included on the chemical composition and 
distribution of minor elements in igneous rocks. The discussion of metamorphic 
facies has been expanded to give up-to-date treatment of recent experimental data. 
Also Chapter 23 on fabrics has been revised to conform with newer experimental 
data, especially on marble. Numerous other changes occur in the chapters that 
still carry the same headings. 

This edition is comprehensive and gives considerable attention to equilibrium 
and stability; balance is made between field, petrographic and experimental data. 
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Every student of hard rock geology will need to have a copy of this revised and 
expanded edition. 


Mineral Equilibria, at Low Temperature and Pressure. By Roxpert M. Gar- 
RELS. Pp. 254. Harper & Bros., New York, 1960. Price, $6.00. 


Dr. Garrels has brought together in this volume information from widely scat- 
tered sources that has been appearing in increasing amount in geologic journals 
that use solution chemistry. He includes practically all of the diagrams that have 
appeared in the scientific literature along with many new ones including his own. 
The reader is presented in detail with the methods of construction of the diagrams 
and the calculations required. He can with a modest background of chemistry be 
able to understand the diagrams and even to make similar ones showing relations 
in systems of his own choice. 

The subject matter deals largely with chemical relations in aqueous solutions 
at low temperature and pressure. He introduces the reader to methods of repre- 
senting mineral equilibria in pH potential diagrams. He stresses, however, indi- 
vidual equations rather than rectilinear graphs or triangles in showing equilibrium 
relations among minerals, a field in which he has done much himself. 

The 7 chapters consist of Introduction, Activity-Concentration Relations, Car- 
bonate Equilibria, Measurement of Eh and pH, Partial Pressure Diagrams, Eh-pH 
Diagrams, Geologic Applications of Eh-pH Diagrams. An appendix of 21 pages 
gives free energy of formation of compounds, gases, and ions. Each chapter car- 
ries a list of selected references. 

The chapter of greatest interest to geologists deals with the author’s geologic 
applications of Eh-pH diagrams. In this he uses as examples mine water, sedi- 
mentary iron and manganese deposits, secondary enrichment of ores, weathering 
of uranium deposits, oxidation of sulfide ores, marine chemical sediments, and the 
environment of ore deposition. 

The treatment is such that the book may be used by the student, the profes- 
sional, and the general reader. It will prove of great value to the geologist be- 
cause information that he might have to search out for himself is conveniently 
assembled and well presented in this single volume. 


BOOKS RECEIVED 
JOHN E. COTTON AND CYRUS W. FIELD 


Elements of Cartography, 2nd Edit. Arrnur H. Ropinson. Pp. 343. John 
Wiley & Sons, New York, 1960. Price, $8.75. Mostly rewritten. Mapping, 
planning, designing and construction of maps and projections; lettering ; convenient 
guide to making maps. 

Petrology Condensed and Simplified. Gurpon Montacue Butter. Pp. 31; 
figs. 2; tbls. 2. Price, 50 cents. University of Arizona Bulletin, Vol. XXX, No. 
1, Tucson, 1959. <A brief description of the major rock types. 

The Australian Mineral Industry, 1958 Review. Pp. 240; figs. 6; tbls. 343. 
Price, 12/-. Bureau of Mineral Resources, Geology, and Geophysics, Melbourne, 
1959. The mining industry maintained a rather high rate of production in 1958. 
Production of tungsten, rutile, zircon, lead, and zinc was less than in 1957. In 
part this was a reflection of the recession in the United States. 
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Belgian Congo. Geological Survey Sheets in color. Scale 1:50,000. Yak. 
S. 6/15, N.W. 1, N.W. 2, N.W. 3. Part of new geologic map of the Congo. 
Geology of the Country around Polonnaruwa, Ceylon. Piyapasa W. VirTa- 
NAGE. Pp. 75; pls. 12; figs. 11; thls. 12. Map, scale 1: 63,360. Geological Survey 
of Ceylon Memoir No. 1, Colombo, 1959. With the exception of a few mica- 
bearing pegmatites no minerals of economic importance were found during this 
study. Granite and gneiss are available for road metal and building stone. Lime- 
stone is of potential economic value. 

Petrology of the Fountain and Lyons Formations, Front Range, Colorado. 
Joun F. Hupert. Pp. 242; figs. 71; tbls. 40. Price, $3.00. Quarterly of the 
Colorado School of Mines, Vol. 55, No. 1, Golden, 1960. Stratigraphy, lithology, 
and petrography are used to interpret the sedimentary history of the formations. 
Summary of Progress of the Geological Survey of Great Britain and the Mu- 
seum of Practical Geology for the Year 1958. Pp. 77; tbls. 5. Price, 5 sh. 
Department of Scientific and Industrial Research, London, 1959. Aeromagnetic 
surveys have discovered several prominent magnetic anomalies, such as over the 
Askrigg Block and in the Irish Sea between Furness and the Isle of Man. 

On the Inai Group of the Lower and Middle Triassic System; On Some 
Triassic Ammonites from the Rifu Formation. YosH1o ONuKI and Yuji 
Banpo. Pp. 80; pls. 11; figs. 24; thls. 12. Institute of Geology and Paleontology 
Tohuku University Contribution 50, Sendai, Japan, 1959. In Japanese; English 
summaries. 

Kumamoto Journal of Science, Series B, Section 1: Geology. Vol. 3, No. 2. 
Pp. 40; figs. 21; tbls. 10. Kumamoto University, Kumamoto, Japan, 1959. Five 
articles by R. Saito dealing with the stratigraphy of Burma, and an article by K. 
Yamoaka on garnet from Toroku Mine. In English. 

Geology of the Isles of Shoals. KATHERINE Fow.Ler-Bitiincs. Pp. 51; figs. 
25. New Hampshire State Planning and Development Commission, Concord, 
1959. A non-technical pamphlet. Rocks that crop out on the islands are tenta- 
tively considered to be correlative with the Paleozoic rocks of the New Hampshire 
coast. 

Regional Gravity Map of Northwestern North Dakota. Mitter Hansen. 
North Dakota Geological Survey, Grand Forks, 1960. 

Oklahoma Geology Notes, Vol. 20, No. 2. Pp. 43; figs. 10. Price, 25 cents. 
Oklahoma Geological Survey, Norman, 1960. Three short papers and five notes. 
One paper deals with the Permian salt beds in the Laverne Gas Area. 

Fifth Annual Report of the Ontario Fuel Board (1958). Pp. 140; figs. 2; tbls. 
22. Toronto, 1959. Includes sections on the natural gas industry, the petroleum 
industry, reserves of oil and gas, exploration and drilling, and well logs. 
Annual Report of the Geological Survey Department—April 1958-March 1959. 
Pp. 22; tbl. 1. Price, Shs. 2/-. Somaliland Protectorate, Hargeisa, 1959. 
Petroleum prospecting was carried on by three companies. The Survey continued 
the search for economic mineral deposits. 


California Division of Mines—San Francisco, 1959. 
Bull. 146. Geology and Mineral Deposits of the Lake Elsinore Quadrangle, 
California. RENé Encet, Tuomas E. Gay, Jr., and B. L. Rocers. Pp. 154; 
pls. 7; figs. 24. Price, $2.50. Metallic resources include arsenic, gold, copper, 
lead, silver, zinc, manganese, and tin. The Good Hope gold mine ts in this area. 
During the last 50 years clay has been the most important mineral commodity. 
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Special Report 57. San Francisco Earthquakes of March 1957. Gorpon B. 
OakEsHoTT, Epitor. Pp. 127; figs. 58; tbls. 9; photos 51. Price, $1.25. Eight 
papers concerning the earth quakes, such as information on the San Andreas Fault, 
seismic history of the area, intensity and ground motion of the earthquake on 
March 22, and damage to buildings, etc. 


Special Report 59. Mineralogy of Beach Sands Between Halfmoon and 
Monterey Bays, California. C. Ossorne Hutton. Pp. 32; figs. 5; tbls. 13. 
Price, 50 cents. Jn most instances the heavy minerals in the sands have been 
derived from rock types located in the drainage areas of local streams reaching 
the Pacific. 


Geological Survey of Canada—Ottawa, 1959-60. 


Paper 59-10. Rare Earths of the Grenville Sub-Province, Ontario and Que- 
bec. E. R. Rose. Pp. 41; tbls. 7. Price, 25 cents. The most promising known 
sources of rare earths in Canada appear to be the uranium deposits of the Blind 
River and Bancroft areas and the niobium deposits of the Oka and Lake Nipissing 
areas. 


Bull. 50. A Glacial Study of Central Quebec-Labrador. E. P. Henperson. 
Pp. 94; pls. 24; figs. 11. Price, $1.00. A detailed study of part of the Labrador 
lake plateau including a large section of the central elevated area of the peninsula. 


Bull. 52. Palaeoecology of the Marine Pleistocene Faunas of Southwestern 
British Columbia. Frances J. E. Wacner. Pp. 67; pl. 1; fig. 3; tbls. 20. 
Price, $1.00. At least three major glaciations affected southwestern British 
Columbia. 


Bull. 55. Fossil Bibionidae (Diptera) from British Columbia. H. M. A. 
Rice. Pp. 37; pls. 4; figs. 8; tbls. 3. Price, $1.00. 


Geological Survey of Canada Aeromagnetic Maps. Scale 1: 63,360. Nova 
Scotia—Church Point, 611G; Digby, 771G; Bridgetown, 782G. New Brunswick 
—Petitcodiac, 769G; Campobello, 773G; Loch Lomond, 776G. Nikip, Windigo, 
Shinbone, McCawey, Whitestone, Cat, Zionz, Wesleyan, and Otatakan Lades, and 
Anenimus River in Kenora District, Ontario; Cape Spencer, Rogersville, Harcourt, 
Salisbury, Grand Manan, and St. George in New Brunswick; Meteghan, Ecum 
Secum, Bay of Fundy, Hopewell, and New Glasgow in New Brunswick; Miette, in 
Alberta; Sandy Lake and St. Johns, in Newfoundland; and Wholdaia, in N. W. 
Territories; Surficial Geology of Oyster River, in British Columbia; geology of 
Kennetcook and Shubenacadie in Nova Scotia. 

Mineral Information Bull. MR 34. A Survey of the Uranium Industry in 
Canada. J. W. Grirritn. Pp. 94; figs. 7; thls. 4. Price, 50 cents. The value 
of uranium produced in 1958 exceeded that of any other metallic mineral. The 
Blind River district produced 68 percent of the total concentrates. 


Egypt—United Arab Republic—Geological Survey, Cairo, 1958-59. 


Geology of El-Daghbag—El-Gindi District (Barramiya East and Barramiya 
West Sheets). F. Amer and A. O. Mansour. Pp. 79; figs. 10. Price, P.T. 
145. General geology, geologic map (1: 100,000) of metamorphic and igneous 
rocks; gold-bearing quartz veins, and marble. In English. 

Seven New Occurrences of the Igla Formation in the Eastern Desert of 


Egypt. M. K. Axaap and M. F. Et-Ramiy. Paper No. 3. Pp. 38; figs. 5. 
Price, P.T. 40. Late Precambrian unmetamorphosed red beds. 
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The Miocene in the Gulf of Suez Region (Egypt). H. Sapex. Pp. 111; figs. 
7. Tectonic map, scale 1: 1,000,000. Geologic map, scale 1: 500,000. Price, 
P.T. 100. Miocene stratigraphy tectonics, and geologic history of the Gulf of 
Suez region. 

Ontario Department of Mines—Toronto, 1960. 


Sixty-Seventh Annual Rept., Vol. LXVII, Pt. 2, 1958. Mining Operations 
in 1957. Doris J. Fiery. Pp. 183; tbls. 237. A record of mining activity listed 
according to minerals or elements produced. 


Sixty-Ninth Annual Rept., Vol. LXIX, Pt. 3, 1960. Geology of the Saganash 
Lake-Wakusimi River Area. R. C. McMurcny. Pp. 19; fig. 1; photos. 5. 
Map, scale 1: 63,360. Recent surveys have shown that volcanic and sedimentary 
rocks are more extensive than previously realized. More prospecting is needed. 


Quebec Department of Mines—Quebec, 1959. 


Geological Rept. 90. Richard-Gravier Area, Gaspé Peninsula. C. Carson- 
NEAU. Pp. 63; pls. 8; figs. 5; tbls. 4. Map, scale 1: 63,360. This area is just 
south of the base metal deposits of Lemieux township and may hold some promise 
for future exploration. 


The Mining Industry of the Province of Quebec in 1958. Pp. 136; pls. 8; 
fig. 1; thls. 65. The value of mineral production of Quebec was 12 percent less in 


1958 than in 1957. Metal producers were affected the most by the recession of 
1957-1958. 


Geological Survey of Japan—Hisamoto-cho, Kawasaki-shi, 1959. 
Explanatory Text of the Geological Map of Japan. Toga & Funakawa 
(Akita-1, 2). Kazuo Huzioxa. Pp. 67; figs. 4; tbls. 14. Maps, scale 1: 50,000. 
These areas represent the western portion of the Akita oil field. Oil-bearing strata 
are the lower three formations of the Funakawa group of later Miocene and earlier 
Pliocene age. In Japanese; English abstract. 

Explanatory Text of the Geological Map of Japan. Kodomari (Aomori-10). 
Konroku TsuSHIMA and Fuy1io Uemura. Pp. 37; figs. 2; tbls. 3. Map, scale 
1: 50,000. Volcanic rocks in this area are slightly mineralized but deposits are 
not of economic importance. In Japanese; English abstract. 

Rept. 183: Genetic Studies of Natural Gas Accumulations. Koj1 Mortojima. 
Pp. 57; pls. 12; figs. 27; tbls. 16. Gas accumulations in peat-bogs of central Ishi- 
kari plain were studied in order to determine the relation of chemical components 
of the peat and groundwater at any given depth, and to note the chemical changes 
or vertical distribution changes of chemical components with time. In Japanese; 
English abstract and titles to plates, figures, and tables. 

Bulletin of the Geological Survey of Japan, Vol. 10, No. 10. Pp. 102; pls. 
12; figs. 71; tbls. 19. Seven papers are in Japanese with English abstracts and 
four short notes are in Japanese only. One paper is on the titaniferous iron ore 
deposits of the Unjo District; another on the fluorite deposit of the Hiraiwa Mine; 
and a third paper is a groundwater investigation. 

Distribution Map of Oil and Gas Fields in Japan. Scale, 1: 2,000,000. Jn- 
cluded charts show production of crude oil and natural gas by the year and the 
province. 

Pennsylvania Geological Survey—Harrisburg, 1959-60. 


Bulletin M41. History, Present Status and Future Possibilities of Secondary 
Recovery Operations in Pennsylvania. W.S. Lyte. (Reprinted from Inter- 
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state Oil Compact Commission Committee Bulletin, Vol. 1, No. 2, Dec. 1959.) 
Pp. 28-42; figs. 7. Experiments conducted in Pennsylvania led to the wide-spread 
use of vacuum, water flooding, and air-gas drive methods for secondary recovery 
of crude oil. Increased production through secondary recovery will undoubtedly 
be effected if the market conditions improve sufficiently. 

Information Circ. 16. Catalogue of Deep Well Samples and Geophysical 
Logs to January 1, 1959. W. R. Wacner. Pp. 84; pl. 1; fig. 1. The term 
“deep well” is arbitrarily chosen to apply to any well which reaches or penetrates 
the Tully Limestone which is the top of the Middle Devonian; depth is not a 
criterion. 

Information Circular 17. Geology of a Barite Occurrence, Fulton County, 
Pennsylvania. ArtHur A. Socotow. (Reprinted from Proceedings of the Penn- 
sylvania Academy of Science, Vol. XX XIII, p. 204-208). Figs. 5. Two periods 
of barite mineralization are represented in a fault sone in the Tonoloway limestone. 
No significant amounts of sulfide minerals occur. 

Geologic Interpretation of Aeromagnetic Maps. Information Circulars 18- 
20, 22, 23; Valley Forge, Norristown, Malvern, West Chester, Media, and 
East Greenville Quadrangles. A. A. Socotow. Many small anomalies over 
Wissahickon schist, serpentine, and metamorphic rocks; two large ones in East 
Greenville over known iron ore. 

Bull. G33. Mineral Collecting in Pennsylvania. Davis M. LAPHAM and ALAN 
R. Geyer. Pp. 74; figs. 31. A guide for the mineral collector. Gives mineral 
localities with sketch maps. 

Bull. G32. Fourth Series. Glacial Geology of Northwestern Pennsylvania. 
V. C. Sueprs, G. W. Wuite, J. B. Droste, R. F. Sitter. Pp. 59; figs. 11. 
Map, scale 1: 125,000. Ice spread in this area twice during the Illinoian age and 
five times during the Wisconsin age. Tills of these advances are identified on the 
basis of leaching, texture, color, and soil profile development. 


Union of South Africa Department of Mines—Pretoria, 1959. 
Bull. 29. Northern Natal Coal-Field (Area No. 2) The Utrecht Area. K. H. 
L. SEHLKE and S. W. vAN pvER Merwe. Pp. 125; pl. 1; tbls. 5. Map, scale 
1: 125,000. Price, 62. 3d. Part I discusses the general geology, coal seams, 
natural oil, and reserves. Part II discusses the effect of dolerite on the coal seams, 
and the characteristics of the seams. 31 drill hole records are included. 
Bibliography and Subject Index of South African Geology 1957. Pp. 60. 
Price 3s. 6d. 

U. S. Geological Survey—Washington, D. C., 1959-60. 
Water-Supply Paper 1456. Ground-Water Levels in the United States 1956: 
North-Central States. Puitip E> LaMoreaux, Chief, Ground Water Branch. 
Pp. 76; figs. 10. Price, 40 cents. Records for Illinois, lowa, Kansas, Minnesota, 
Missouri, Nebraska, North Dakota, South Dakota, and Wisconsin. 
Water-Supply Paper 1485. Quality of Surface Waters for Irrigation Western 
United States 1956. S. K. Love, Chief, Quality of Water Branch. Pp. 185; 
pl. 1. Reports from 106 stations west of the Mississippi River. 


Water-Supply Paper 1493. Geologic and Ground-Water Reconnaissance of 
the Loup River Drainage Basin Nebraska. R. T. SNrecocki and R. H. Lanc- 
FoRD. Pp. 106; pls. 2; figs. 20; thls. 12. Semiconsolidated and unconsolidated 
deposits of Cenozoic age, which underlie dune sand and loess, contain vast stores 
of water. 
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Bull. 1039-D. Geology and Cement Raw Materials of the Windy Creek Area, 
Alaska. R. M. Moxnam, R. A. Eckuart, and E. H. Coss. Pp. 67-100; pl. 1; 
figs. 5; thls. 7. This area on the south flank of the Alaska Range offers at least 
two limestone deposits suitable for cement-manufacturing purposes. 

Bull. 1055. Uranium in Coal in the Western United States. Pp. 315; pls. 
59; figs. 44; tbls. 45; chart 1. Ten papers on uranium-bearing coals and carbona- 
ceous rocks. Compared with current sources of uranium, most uranium-bearing 
coal deposits are very low grade. Higher ash content of these deposits also renders 
the coals less suitable as a fuel. 

Bull. 1059-G. Selected Annotated Bibliography of the Geology of Uranium- 
Bearing Veins in the United States. Basit G. Dean. Pp. 327-440; pl. 1. 
Includes 211 references to reports available as of June 1957. 
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SCIENTIFIC COMMUNICATIONS 





Henry R. Avpricn, since 1940 chief administrative officer of the Geological 
Society of America, has retired as secretary, councilor and editor-in-chief of the 
organization. During his twenty-five years with the Society, Dr. Aldrich has 
seen it grow from a membership of less than one thousand to 5,316, and a three- 
fold increase in its scientific publications. He has been succeeded as secretary 
by Dr. FRepErIcK Betz, Jr., who recently returned from Germany, where he 
served with the Military Geology Branch of the United States Geological Survey. 
Dr. Aldrich plans to join the staff of Columbia’s Lamont Geological Observatory, 
at Palisades, N. Y. He lives at 200 Van Orden Avenue, Leonia, N. J. 

PauL F. Kerr, Newberry Professor of Mineralogy at Columbia University, 
has been awarded an honorary Doctor of Science degree by Occidental College 
in Los Angeles, California. 

Hotiis G. Peacock has been named to fill the post of Chief Geologist with 
Utah Construction and Mining Company with headquarters in San Francisco. 

Donatp S. SMYTHE has retired as head of the Bear Creek Mining Company, 
Operating Properties Division, 1606 Hobart Building, San Francisco, Calif. He 
will continue his residence in San Francisco. He is succeeded by ALLAN JAMES 
whose headquarters will be in Salt Lake City. 

The Alberta Society of Petroleum Geologists will be host to a Regional Meeting, 
the central theme of which, “Frontiers of Exploration in Canada,” will emphasize 
oil and gas exploration. Technical Sessions will be on May 26 and May 27 and 
will explore the Geographical, Geological and Technological frontiers. Head- 
quarters will be at the Banff Springs Hotel. 

Joun Starrorp Brown, Chief Geologist of the St. Joseph Lead Company, 
was awarded the Penrose Medal of the Society of Economic Geologists at the 
Annual Luncheon of the Society held in conjunction with its meeting with the 
A. I. M. E. in New York in February. 

A. I. LevorseNn, consulting geologist, Tulsa, Oklahoma, has been elected to 
honorary membership in the Society of Economic Paleontologists and Mineralo- 
gists. 

BERNARD J. O'NEILL, Jr. has joined the staff of Stanford Research Institute 
in Menlo Park, California, as a geologist, where he will be assigned to a study of 
the geology and hydrology of San Clemente Island. 
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